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Two riyal theories of kidney function have for many years been under 
discussiin: the secretion theory and the filtration-reabsorption theory. 

The 4asiest standpoint to take is that the urine is secreted. If one supposes 
every s agle detail of the kidney function to be the result of vital activity 
governe | by unknown laws, one may of course look upon any new fact brought 
to light with equanimity. It is, as Cushny says, an impregnable defensive 
position. The theory has varied somewhat but the variations do not in any 
essential differ from the original theory. In all its forms it is maintained that 
during moderate diuresis the water is secreted by the capsule of Bowman 
and that the more specific constituents of the urine are then added by secretion 
through the tubule cells. A serious objection against this theory and its 
modifications is that it is impossible to investigate them quantitatively. For 
this reason all quantitative work by their supporters has been done as critical 
attacks against the other theories with immediate retreat to the safe ground. 

The other theory which has in later years been the basis of practically all 
experimental work on this question is the “modern theory” of Cushny [1917]. 
As it came out that Ludvig’s view, that filtration in the capsules and mere 
diffusion processes in the tubules could explain the formation of urine, was 
untenable, the supporters of the theory had to admit that active vital work 
must be performed by the kidney cells. The work was supposed to be exerted 
by the tubules in reabsorption of water and that series of substances, the 
threshold substances, which are to a certain extent retained by the body 
because they are of some value for the organism. This theory was later 
simplified by Cushny’s “modern theory,” the main points of which are that 
fluid is filtered out in the glomeruli and that in the different cases different 
quantities of a fluid of a constant composition are reabsorbed by the tubules. 
The substances present in the reabsorbed fluid are the threshold substances 
and were supposed to be rather few in number, the rest being the no-threshold 
substances. This theory is excellently fitted for experimental study and has 
been used as basis for a number of experiments by the adherents of both 
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theories. The result has been a number of details explained differently 
according to the views held by the respective writers and the question as 
between the two theories is as undecided as ever. 

In recent years one of the points in the ~ modern theory” which has been 
most discussed is the distribution of the different substances among the two 
groups: threshold substances and no-threshold substances. 

According to the theory of Cushny all no-threshold substances must be 
concentrated to about the same extent during their passage through the 
tubules. If the concentration ratio for a substance falls less than for others, 
it means that this substance is a threshold body which is reabsorbed. 

Mayrs [1922] studied in this way the concentration ratios of creatinine, 
sulphate, phosphate and urea in experiments on rabbits. Whilst the first 
three were concentrated to practically the same extent, urea was not concen- 
trated to the same extent. From this Mayrs concluded that the first three 
are no-threshold bodies and that urea is a threshold body. 

White [1923], from similar experiments on dogs, concluded that urea, 
sulphate and phosphate are eliminated mainly by secretion of the tubules. 

Havard and Reay [1926] find that phosphates in man are not concentrated 
to the same extent as sulphates, and phosphates must therefore, according 
to Cushny, be regarded as threshold substances. But if the phosphates—as 
they and also Eichholz and Starling [1925] suppose—are present in the blood 
largely as a colloidal calcium compound it is evidently only the diffusible 
part of the substance which is involved in calculating the concentration ratio. 
As long as this question is undecided, and as long as it is not possible to 
determine the amount of free phosphate, results obtained on phosphates 
cannot be considered as conclusive. 

In the experiments described in the present paper it is shown that ingested 
creatinine is concentrated by the human kidney to an extent not reached by 
any other substance. This would mean either that all other substances are 
threshold bodies or that creatinine, as held by Marshall and Crane [1924], is 
secreted by the tubule cells. 

The present position of this part of the question is, then, that one has to 
admit either that many substances hitherto regarded as no-threshold sub- 
stances, urea, creatinine, sulphates and possibly phosphates, are added to the 
filtrate from the glomeruli by secretion by the tubules, or that practically all 
substances are threshold substances which are partly reabsorbed by specific 
cells of the tubules. 

The experiments show moreover, as those of Mayrs, that for the new 
“threshold substance” urea it is impossible to suppose reabsorption in 
constant concentration. 

The result of these experiments thus completely robs the “modern theory ” 
of its simplicity which was one of its main advantages. In reality the theory 
‘s now left in a state where one may turn against it the objection raised by 
Cushny against the secretion theory “that it endows the renal cells with 


powers of discrimination of a very high order.” 
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The only difference in this aspect between the two theories is that whilst 
cells secreting have to choose between the substances present in the blood, 
reabsorbing cells must choose between substances present in the filtrate. 

Need we then completely abandon the theory? I think it is too early. 
The formulation of the theory is, I think, seriously at fault in the way in 
which it distinguishes between threshold and no-threshold bodies. As I think 
that the correction of this error will perhaps make it possible to keep the 
main part of the theory, filtration-reabsorption, as the fundamental function 
of the kidney, I propose to publish in a series of papers the results of experi- 
ments performed in the hope of throwing new light on the way in which the 
reabsorption process in the tubules must work if reabsorption really occurs, 
and also of getting experimental facts which could be used to decide between 
the two theories. 

The plan of the experiments was to study the amounts of different sub- 
stances reabsorbed and the percentage in which they are reabsorbed. The 
first step in this direction is to calculate the amount of filtrate formed in the 
glomeruli and the amount of fluid reabsorbed, and the first part of the study 
deals only with this side of the problem. 

As the aim of the experiments made it necessary to obtain repeated series 
of observations on a single subject it was almost impossible to use animals. 
For this reason all experiments reported here were made on myself. 

The calculation of the amount of filtrate is possible if we have a substance 
filtered out through the glomeruli none of which is reabsorbed during passage 
through the tubules. Suppose A to be a substance of this kind and F to be 
the amount of filtrate formed in the capsules, U the amount of urine, 4p % 
the percentage of the substance A present in the plasma in a diffusible state, 
and Ay % the percentage in the urine; then 


FxAp% _Uxdu% 


L) —_= , 
(1) 100 100 
This gives 
(2) pa4u% (U=CxU 
Ap % 
Aur ; , ; 
when 6 oe = C (index of concentration). 
41pP /O0 


If R is the amount of fluid reabsorbed, then 
R=F-U=CxU-U=(C-1)U. 


The most difficult problem in planning the experiments was to select the 
substance to be used as a basis for the calculations. For a single day it is 
possible with fair accuracy to estimate the concentration of the urine by 
means of the colour—but it is impossible to compare the results from different 
days, as nothing is known about the constancy of the excretion of the specific 
coloured substance; on the contrary, the excretion is known to vary with the 
ingestion of meat and green vegetables. Urea of course becomes concentrated 
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to a considerable extent so that it would be reasonable a priori to suppose it 
to be a no-threshold substance which is not reabsorbed. However, the experi- 
ments by Mayrs showed that it was reabsorbed in appreciable amounts. 
Sulphate would be very difficult to use because of the difficult technique of 
its estimation. ; 

The substance with the highest concentration ratio according to the values 
usually given for blood and urine is creatinine. The amount of creatinine in 
blood is, however, so small that the estimation of it is very uncertain. Behre 
and Benedict | 1922] have even doubted its existence in the blood, a view which 
would imply that the amount of creatinine normally excreted by the kidneys 
should be synthesised by the kidneys themselves from a precursor in the 
blood. For this reason it was not advisable to rely upon the normal “ pre- 
formed creatinine” in blood as a basis for the calculations. It was, however, 
decided to try if it was possible to raise the creatinine content of the blood 
by ingestion of creatinine, in order to see if this ingested creatinine could be 
eliminated by the kidneys as readily as the quantity supposed to be naturally 
present in the circulating blood. 

The creatinine of the blood rises after the ingestion of about 5 g. creatinine 
to values of about 8 mg. or more per 100 cc. of plasma so that it can be esti- 
mated with tolerable accuracy, and the amount excreted through the kidney is 
relatively as great as that excreted normally. The creatinine content of normal 
human blood is given as between 0-7-1-5 mg. per 100 cc. This corresponds 
to an excretion of creatinine of 20-30 mg. per day per kg. bodyweight or 
about 1 mg. per kg. per hour. This gives for my bodyweight an excretion of 
80 mg. creatinine per hour which is equal to the content of 5,300-11,400 cc. 
of blood if we accept the values given above. In the experiments to be 
discussed later the excretion per hour has, after ingestion of creatinine, varied 
in amount between values equal to 5,000-12,000 cc. of plasma or about 
6,000-14,000 ce. of blood as experiments showed that the creatinine content 
of the blood was 85-90 % of the percentage in the plasma. The fact that 
ingested creatinine is eliminated by the kidney with the same readiness as 
that usually termed “ preformed creatinine” points, I think, to the conclusion 
that the main part of the colour-producing matter in blood is really creatinine. 
If this were not the case, the kidney should synthesise creatinine at such a 
rate that the same rate of elimination was simulated. 

Since a preliminary experiment of this kind showed that ingested creatinine 
is concentrated by the kidney to a far greater extent than any other hitherto 
observed substance in the urine, it was decided to use creatinine as the basis 
for the calculations after increasing the amount in the blood by ingestion ‘of 
the substance. 

Plan and methods of experiments. 


In the morning 5g. creatinine dissolved in 200 cc. of tepid water were 
taken by mouth. During the next hour other substances (urea, sodium 
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chloride, etc.) could be taken if it was wished to study the effect of a high 
blood content on the excretion of such a substance. No blood samples were 
taken until about an hour after the ingestion, as this early period cannot be 
used for the calculations aimed at in these experiments because of the great 
change in the creatinine content of the blood. 

The samples of blood were drawn from the pulp of a finger by means of a 
spring blood lancet after scrubbing the hand with hot water. Enough blood 
is easily obtained in this way and it is mainly arterial. As only that part of 
a substance which is present in a free, diffusible state in the plasma can filter 
out through the glomerular membrane, it was necessary to use plasma for 
the determinations. The blood—about 3 cc.—was centrifuged very rapidly. 
In about 10 minutes enough plasma was obtained for the estimation of the 
different substances. The methods used in the estimations are described 
below. Immediately after taking the first blood sample the bladder was 
emptied and then samples of blood and urine were taken throughout the day. 
Samples which could not be analysed immediately were placed as soon as 
possible in the ice-chest. 

Blood samples were drawn at intervals of about 3-1 hour, whilst urine 
samples were taken at varying intervals according to the diuresis. 

The determination of creatinine in the plasma samples was carried out 
practically as in the original Folin method for whole blood [Folin, 1914]. 
To 1 cc. of plasma are added 5 cc. of a saturated solution of picric acid and 
a small amount of dry picric acid. The whole is vigorously shaken and left 
for at least half an hour with occasional shaking. At the same time | ce. of 
a standard solution of creatinine containing either 0-05 mg. or 0-1 mg. in | ce. 
is treated in the same way. Both solutions are then filtered and 2 cc. of each 
are measured into test tubes. To each tube and to 2 cc. of the saturated 
solution of picric acid is next added 0-1 cc. of a 10 % solution of NaOH. After 
the lapse of 5 minutes 2 cc. of water are added to each tube in order to get 
enough fluid for comparison and the solutions are then compared in the 
colorimeter. The colorimeter used was the new Leitz colorimeter (system 
Biirker). This system is especially suited to creatinine determinations as it 
allows the complete compensation of the colour produced in the picric acid 
itself by the addition of the alkali. The main principle in the colorimeter is 
that the light rays are sent through exactly the same layers of fluid on both 
sides. When, for example, the left-hand ray passes through a certain thickness 
of the unknown creatinine solution, the right-hand ray passes at the same 
time through a layer of the alkaline picric acid of the same thickness. The 
right-hand ray then passes through a layer of 1 cm. of the standard solution 
and the left-hand ray at the same time through 1 cm. of the alkaline picric 
acid. In this way the only colour difference is due to the creatinine content 
in the two solutions compared. For this reason the picric acid used has been 
recrystallised only once from hot water. 

The creatinine in the urine was determined in much the same way. The 
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sample of urine to be estimated was diluted according to the expected con- 
centration of creatinine (which was judged by means of the time interval 
since the ingestion of the creatinine and the urine volume) so that the content 
was approximately 0-5-1 mg. in 1 ec. To 1 ce. of the urine so diluted, to 1 ce. 
of water and to 1 cc. of standard creatinine solution containing 1 mg. in each 
cc. were added 5 ce. of the saturated picric acid solution and 1 cc. of a 10 % 
NaOH solution. After the lapse of 5 minutes, 5 ce. of water were added and 
the solutions compared in the same way as in the blood analyses. 

The ingestion of 5 g. creatinine leads to an abrupt rise in the creatinine 
content of the blood. The rise itself has not been studied, as blood samples 
have seldom been taken during the first hour; but after the lapse of an hour 
or so the content of the plasma is usually about 8 mg. in 100 cc. The percentage 
now falls during the following hours and is usually 3-4 mg. per 100 cc. of 
plasma 6-7 hours later. (Compare curves for plasma creatinine, Fig. 1.) 


of plasma 





creatinine per LOO ce. 


ng. 





Hours after the ingestion of 5 g. creatinine 


Fig. 1. Curves of plasma creatinine after ingestion of 5 g. creatinine. 


The calculations are made in the following way. On the curve for plasma 
creatinine the times for the taking of the different urine samples are marked 
(as in the upper curve of Fig. 1) and the values for plasma creatinine corre- 
sponding to the different intervals are read off from the curve. No regard 
has been paid to a possible displacement between the intervals to be compared 
owing to the quantity of urine to be expelled from the “dead space” of the 
uriniferous system. 

The influence of this displacement will be that the urine collected during 
a certain interval has its origin from a glomerular filtrate derived from a 
blood with a different composition from that existing when the urine reaches 
the bladder. The magnitude of this delay depends evidently on the volume 
of the “dead space” and the diuresis in each single case. The volume of the 
“dead space” consists of the capsules, tubules, collecting tubes, renal cavities 
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and ureters. The volume of these certainly varies according to the diuresis 
in each case, the number of glomeruli functioning, the filling of the renal 
cavity, etc. The main error is probably due to the amount of urine stagnant 
in the renal cavity, but this error, as well as that due to the volume to be 
expelled from the tubules, it is impossible to calculate with any accuracy. The 
error will, however, in all cases be that the urine is compared with blood with 
a creatinine content which is lower than that of the blood from which the 
urine is really derived. A displacement of 10 minutes will, however, scarcely 
be perceptible and a delay of this length of time is not likely to occur except 
during very slow diuresis. During slow diuresis the error may, of course, be 
quite definite but as it is impossible to estimate its magnitude the possible 
displacement has been disregarded even in these circumstances. 

fo a : : : Cru Yo 

[he concentration index is now calculated from Crp° and the amount 
of filtrate from C x U. | 

The rate of the filtration. 

The extent to which the creatinine has been concentrated by the kidneys 
has of course varied very much in the different experiments. The lowest 
Cry % \ 
Crp oy) 
with a diuresis of 19-25 cc. per min. Although no attempt has been made to 
raise the concentration index by reducing the fluid intake, it has reached the 
high value of 293 with a urine production of 0-44 cc. per min. No doubt it 
would be possible to drive the concentration index even higher 

The excretion of creatinine varies roughly with the creatinine content of 
the plasma (compare Fig. 2). In the majority of experiments the excretion 
per minute has been equal to the amount of creatinine in 110-150 cc. of 
plasma. The amount of filtrate formed seems, therefore, to be rather constant 
during a moderate diuresis and should for my kidneys vary between these 
two values. In a number of experiments with big diuresis the amount of 
creatinine excreted has, however, been equal to a plasma volume of nearly 
200 cec., whilst on the other hand the excretion sometimes falls to an amount 
equal to only 80 cc. of plasma, and in one case, as a sequence to a violent 
diuresis produced by urea ingestion, the calculated filtration went down to 


, a result obtained 





concentration index (c met with has been 7-7 


57 ec. per min. 

To understand these values it must be added that the creatinine was 
taken in 200 ce. of water and that lunch, including a fluid intake of 300 cc., 
was taken as usual during the experiments, so that none of the observed 
values can be regarded as corresponding to a resting kidney. The calculated 
filtration may probably fall far below any of the values here observed. 

How do these creatinine excretions fit with the two theories? According 
to the filtration-reabsorption theory the values obtained depend upon the 
amount of filtrate formed in the glomeruli. According to the secretion theory 
they only indicate the power of the kidney to secrete creatinine. Both theories 
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have a limit for what they can explain in the rate of the necessary flow of 
blood. The filtration-reabsorption theory requires that the calculated amount 
of filtrate should not be higher than the amount which can possibly be formed 
from the flow of blood through the glomeruli. The secretion theory cannot 
explain the excretion of more creatinine than the amount obtainable from 
the flow of blood which we can assume to have taken place through that 
part of the tubules responsible for the excretion of creatinine. 
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Fig. 2. The excretion of creatinine compared with the plasma creatinine. 


Is it possible to filter out from the blood passing through the glomeruli 
quantities of fluid as large as 200 cc. per min.? A filtration of this magnitude 
has only occurred when the blood was diluted through excessive water drinking 
and in such circumstances I think it quite possible to filter out about one-third of 
the water from the plasma which will require a blood flow of about 1 1. per min. 
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This is a blood flow of the magnitude to be expected during a violent diuresis. 
In experiments on rabbits by Hayman and Starr [1925] the maximum blood 
flow per minute was 3-7 cc. per g. kidney, corresponding to a current of more 
than 1]. per min. through the two human kidneys assumed to weigh 150 g. 
each. There is therefore no doubt blood enough available for filtration of this 
amount of fluid. Another problem is whether it will be possible to drive such 
an amount of fluid through the tubules. 

If we do not take into account the possibility that the striated border 
in the proximal convoluted tubules can help to drive the fluid along, a 
possibility which cannot be absolutely rejected even in the case of the mam- 
malian kidney, we have only the pressure existing in the cavity of the capsule 
as motive force. Is this pressure high enough to drive the fluid through the 
tubules? To answer this question is very difficult. Brodie [1914], who studied 
it, came to the conclusion that the pressure needed to drive out the urine 
alone was so high that it should not be possible to obtain it in the capsule as 
the result of filtration, and for this reason he put forth a theory of the 
glomerulus as a propulsive motor. The estimation of the necessary pressure 
is very problematic since according to Poiseuille’s law the pressure needed 
to drive a certain amount of fluid through a capillary tube is proportional 
to the fourth power of the diameter, so that small errors in the diameters 
assumed have a very large influence on the result. 

If we estimate the number of glomeruli in both kidneys at 2,000,000, 
the observed maximum filtration is 200 x } x 10-® or 10-4 cc. = 0-1 mm.? per 
min. per glomerulus, whereas the observed maximum diuresis is about 20 ce. 
or 0-01 mm.* per glomerulus per min., so that only one-tenth of the filtrate 
reaches the voliecting tubes. 

Now we know next to nothing about the lumen in the tubules of the 
human kidneys during diuresis, but in rabbits the lumen of the proximal con- 
voluted tube is, during diuresis, about one-third of the outer diameter (measured 
on fixed material [ Jessen, 1923]). The outer diameter of the proximal con- 
voluted tube of the unfixed human kidney is according to Peter [1909] about 
65, so that the lumen should, during diuresis, be about 20u. The length is, 
according to the same author, about 14mm. To drive the total amount of 
fluid (200 cc.) through the whole length would, according to Poiseuille’s law, 
require a pressure of about 32 mm. Hg. To calculate how much pressure is 
needed to drive the fluid through the rest of the tubules is practically im- 
possible as we do not know where the main reduction in volume occurs— 
possibly it takes place to a large extent already in the proximal convoluted 
tubules. 

To drive the whole amount of fluid through the tubules, however, would 
be impossible as this would require a pressure of about 100 mm. Hg even if the 
tubules had a diameter of 20u, which is not likely to be true for the whole 


1 A study of the number of glomeruli in the human kidney by Dr Vimtrup is in progress. 


The above number is a preliminary minimum estimation by him. 











456 P. B. REHBERG 


length. To drive the resulting 0-01 mm.® urine through tubules of 15y dia- 
meter will, however, require only an additional pressure of 32 mm. Hg: so that 
if the main reduction in volume occurs in the proximal convoluted tubes and 
the first part of Henle’s loop, we should in all require a pressure of about 
65mm. Hg. If we assume an average blood pressure of 120 mm. Hg, this 
leaves 55mm. From this we have to subtract 25-35 mm. for the osmotic 
pressure of the colloids of the plasma so that we have a pressure of 20-30 mm. 
Hg for driving the blood from the aorta to the glomeruli and for the filtration. 
The calculation is not worth much inasmuch as Poiseuille’s law does not 
hold for elastic tubes but will give too high values for the calculated pressure; 
but what one can say is: (1) that there is not pressure enough to drive the 
whole amount of filtrate out; (2) there is enough, however, to drive it part of 
the way and the resulting urine the rest of the way. During the usual moderate 
diuresis the pressure needed is of course much lower and easily available. 
The conclusion arrived at is that the calculated amount of filtrate, though 
it turns out to be even larger than formerly supposed, is not of a magnitude 
which makes the conception of a filtration impossible. There is a sufficient 
blood-flow to account for the filtration and a sufficient pressure to account 
for the flow of urine. On the other hand, it will be very difficult to explain 
by secretion the excretion of the large quantities of creatinine observed. It is 
generally accepted that the total volume of blood flowing through the kidneys 
is available for the excretion of any substance according to the secretion 
theory; but this view is certainly not tenable. The secretion theory must 
explain—and does so—the differentiation of the tubules in different parts by 
assuming that the different parts are provided with the capacity to secrete 
specific substances. When creatinine is excreted in quantities corresponding 
to the content of 200 cc. of plasma per min. the cells responsible for the 
secretion of this substance must evidently have had a blood supply of 300 cc., 
even if we assume—what is very unlikely—that the cells are perfectly efficient 
in taking up from the blood and secreting creatinine. At the same time, 
however, urea is excreted corresponding to 200 cc. of blood, sulphate in about 
the same amount, uric acid and phosphates corresponding to about 100 cc. 
of blood, not to speak of the many other constituents of the urine; so that 
even if we admit perfect efficiency in secreting these substances, the cells 
responsible for their excretion will need all the blood which we can expect 
to flow through the kidney; and of this flow one-quarter to one-third must flow 
through the part responsible for the secretion of creatinine. Is this possible? 
After the results of Traut [1923] and Langley [1925] it is evident that 
practically the total amount of blood flowing through the kidneys passes 
through the glomeruli. Arteriae rectae feeding the tubules directly are only 
present in quite insignificant numbers. This blood flow, after leaving the 
glomeruli through the efferent vessels, breaks up into a number of capillary 
channels forming a network round the tubules; but with this distribution of 
the blood flow it is hardly possible that any single part of the tubules will 
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receive more than a fraction of the blood flowing through the glomeruli. 
If this be so, then either the different parts of the tubules are not specific as 
regards secretion of the different substances but must function as a whole—a 
view which is not likely when the highly specialised epithelium is considered— 
or the only place where these substances can be excreted is the glomeruli. 
For other substances which are not excreted in such large quantities, the blood 
flow through the tubules may of course be sufficient to allow of their excretion 
there; but if the creatinine is excreted through the glomeruli by filtration—and 
I see scarcely any other possibility—then the amount of filtrate necessary 
to excrete the creatinine will contain all other diffusible substances to be 
excreted in greater quantities than the resulting urine, so that no secretion 
in the tubules is required. I think that the result of these experiments as 
regards creatinine excretion is a very strong argument in favour of the theory 
that the function of the glomeruli is the formation of a large amount of 
filtrate. This view is still more emphasised by the structure of the glomeruli. 
The general conception of the capsule of Bowman, given by Cushny, is “a 
hollow sphere of very delicate epithelium, one side of which is invaginated 
by a closely twining nodule of capillaries and arterioles, until the cavity is 
almost entirely obliterated.” If filtration should occur in such a structure, 
the fluid would have to filter out first through the capillary endothelium 
into the cavity between capillaries and the inner epithelium of the capsule 
and from there through the inner epithelium into the cavity. 

In reality it is not so. In a recent paper Vimtrup [1926] demonstrates 
that the inner epithelium follows each single capillary as the finger of a glove 
follows the finger of the hand. This gives conditions much more favourable 
for filtration than those generally assumed: there is no space between the 
capillaries and the inner epithelium, the fluid must filter only through the 
single very delicate membrane consisting of capillary endothelium and capsule 
epithelium. Vimtrup! estimates the surface of a glomerulus at 442,000? 
(minimum). For the 2,000,000 glomeruli in both kidneys this gives a surface 
of at least 8800 cm.?. If we filter out 200 cc. per min. through this surface it 
gives a filtration rate of 4y per sec. 

This is a very rapid filtration, but that a filtration of this magnitude is 
possible is shown by the results of Wearn and Richards [1924] who obtained 
in the frog, where the surface of the glomeruli is not nearly so large as in the 
mammalian kidney, as much as 1-5 mg. filtrate from one single glomerulus in 
an hour. The maximum filtration rate in these experiments is about 200 ce. 
in a minute or about 6 mm.? in an hour for one single glomerulus. 

The result of these considerations is therefore that a filtration of 200 cc. 
per min. is possible; the blood flow is sufficient and it is in reality easier to 
understand the excretion of so many substances in amounts corresponding to 
large volumes of blood by supposing them all to be excreted along with the 
same quantity of water through the glomeruli. 


1 Private communication. 
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The quantity of fluid reabsorbed. 


If we now study the amounts of fluid which according to the theory must 
have been reabsorbed in the different experiments, the result is that the 
amounts have varied, within practically the same limits as the filtration, 
between 50 to 200 cc. per min. 

One of the main objections raised by the adherents of the secretion theory 
against the filtration-reabsorption theory is that such large quantities of fluid 
have to be reabsorbed. This is considered to be impossible or at least thought 
to be so unpractical that this consequence is by many deemed sufficient to 
condemn the whole theory; and the quantities which are usually assumed are 
not nearly so large as those reported in the present paper (about 40 cc. 
against a maximum here of 200 cc. per min.). Is such reabsorption really 
possible or is it so large that it is necessary for this reason to reject the theory? 
It is a fortunate fact that though it may be deemed unpractical it has been 
demonstrated clearly that it is by no means impossible first to have quantities 
of fluid of the order here considered excreted and then to have nearly all the 
water reabsorbed. 

The urine of the bird is ejected from the cloaca together with the faeces 
as a paste. The experiments of Sharpe [1913] and Loye [1914] show, however, 
that the urine enters the cloaca from the ureter as a thin fluid the water of 
which is mainly reabsorbed from the rectum and the cloaca. In this way 
large quantities of water circulate—they are excreted through the kidneys 
and volumes comparable to the filtrate from the mammalian glomeruli are, 
as a matter of fact, reabsorbed by the wall of the cloaca. Loye states that a 
goose of 3 kg. bodyweight produced 2 1. urine from the ureter in 24 hours. Here 
we have an absorption from the cloaca alone which is equal to two-thirds of the 
bodyweight in 24 hours. Sharpe states that he has obtained from 10 cm. of 
the rectum and cloaca of the hen a reabsorption of } cc. per min. The surface 
is not given, but I have measured the total surface of the cloaca of a hen with 
the bodyweight 2:3 kg. It amounted to 62 cm.? and must be able to reabsorb 
the total amount of ureter urine, which according to Sharpe may amount to 
as much as 1000 cc. in 24 hours or more than 11 mm.* per cm.? surface per min.’'. 

From the calculations of the pressure we should expect the main reabsorp- 
tion to occur in the proximal convoluted tubules. If we assume 2,000,000 of 
them, a length of 1-4 cm. each and a diameter of 20 we get a surface of 

2a x 10 x 1-4 x 104 x 2 x 106 = 17-6 x 1014? = 17600 cm.?. 
With the same power of reabsorption as the cloaca of the bird this surface 
should be able to reabsorb more than 190 cc. per min. or about the same 
quantity as observed in these experiments. 

1 This mechanism with the main reabsorption in the cloaca instead of in the kidney may 
perhaps be explained, as also suggested by Mayrs [1924], by the cireumstance that it would 
be impossible for a bird to concentrate the urine to any greater extent in the kidney without 
stopping the flow in the tubules by sedimented uric acid. The large volume of water is needed to 
wash the uric acid out of the kidney and in order not to lose the large amount of water a secondary 


reabsorption in the cloaca has been developed. 
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The different forms of diuresis. 


If we compare the amount of urine with the amount of filtrate from which 
it originates and with the extent to which it has been concentrated, we find 
that a diuresis may be produced in different ways. 

Theoretically we may expect the following. 

(1) The number of kidney units (glomeruli-tubules) working may be 
increased by opening of the blood flow through glomeruli hitherto closed as 
in the observations of Richards and Schmidt [1924]. That the number of 
open glomeruli varies also in the mammalian kidney is shown by Hayman 
and Starr [1925]. They find that in the normal kidney of the rabbit 60-90 % 
are open. If the work of each unit continues unaltered, the amount of urine 
will be increased but the composition will remain the same if the composition 
of the blood is not altered. 

(2) The filtration through the glomeruli already open may increase. If 
the reabsorption is not increased to the same extent, the result will be a larger 
amount of urine less concentrated than before. 

(3) The filtration may be the same, but the reabsorption less. 

(4) The diuresis may result from a combination of these mechanisms. 

If it is true that the amount of creatinine excreted may be taken as an 
index of the amount of filtrate formed and the concentration ratio of the 
creatinine as an index of the concentration ratio of the urine, we are now able 
to distinguish between these different forms of diuresis. 

As examples I shall give the following abridged part of the calculations 
of an experiment. 
cee yo F=CxU R=F-U 


Tiine Crp % Cry % = on 
10.50-11.37 7:45 636 85 1-69 145 143-3 
11.37-12.11 6-50 801 123 1-15 142 140-9 
12.11— 1.12 5-88 855 145 0-98 142 141-0 
1.12— 2.30 5-30 972 183 0-80 146 145-2 
2.30- 3.16 4-88 729 150 0-80 120 119-2 
3.16— 4.15 4-42 725 164 0-67 110 109-3 
4.15- 5.13 4-02 723 180 0-56 101 100-4 


Crp %=mg. creatinine in 100 cc. plasma 

Cry % =mg. creatinine in 100 cc. urine 
C’=concentration index 
U =amount of urine in cc. per min. 
F =amount of filtrate in cc. per min. 
R=amount of reabsorbed fluid in ce. per min. 

In this example we see that though the amount of filtrate from 10.50 to 
2.30 is constant the amount of urine decreases. The conclusion is that the 
number of kidney units functioning is practically the same, but the tubules 
concentrate the filtrate more and more. From 2.30 the amount of filtrate 
begins to decrease so that the amount of urine falls still more. If we compare 
the fourth sample of urine with the last, we find that in the first case we have 
a production of urine of 0-80 cc. per min. from an amount of filtrate of 146 cc., 
in the last case we have from 101 cc. of filtrate an amount of urine of 0-56 ec. 


per min. 
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In these two cases we may imagine that a certain number of glomeruli 
have been closed, thereby reducing the amount of filtrate, but the remaining 
units have concentrated the filtrate to the same extent (180 times against 183), 

A curve illustrating the influence of water drinking on the reabsorption 
and filtration is shown in Fig. 3. 
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Fig. 3. The influence of drinking 1500 cc. of water on the rate of filtration (upper curve) and 
reabsorption (lower curve). The area between the two curves represents the diuresis. The 
water was taken at 1 o'clock. 

In other examples we may find for instance a diuresis of 1-70 cc. per min. 
with a filtration in one period of 111] cc. per min. and in another of 143 ce. 
Though the diuresis is the same in the two cases, the extent to which the 
urine has been concentrated is quite different. 

To understand the way in which the reabsorption works it is necessary 
to take into consideration these different ways of obtaining a diuresis. The 
plan for a study of kidney function outlined in this paper offers a method by 
which the changes may be followed. 


SUMMARY. 


(1) The filtration-reabsorption theory is discussed. Its present state calls 
for a thorough modification, or for the complete abandonment of filtration as 
the main factor in excretion by the kidney. 

(2) The amount of creatinine present in the urine of man after ingestion 
of this substance is so large that it requires a filtration of up to 200 cc. per 
min. to explain it. 

(3) The possibility of this is discussed and the result is taken to be in 
favour of the filtration theory. 

(4) The surface available for reabsorption in the proximal convoluted 
tubes alone is so large that, provided it shows only the same power of reab- 
sorption as the cloaca of the bird, it may reabsorb the whole quantity of fluid 
required in the concentration process in the tubules. 

(5) The different ways in which a diuresis may be obtained according to 
the filtration-reabsorption theory are enumerated and discussed with examples. 


(For references see the following paper.) 
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LXI. STUDIES ON KIDNEY FUNCTION. 


II. THE EXCRETION OF UREA AND CHLORINE 
ANALYSED ACCORDING TO A MODIFIED 
FILTRATION-REABSORPTION THEORY. 


By POUL BRANDT REHBERG. 
From the Laboratory of Zoophysiology, University of Copenhagen. 
(Received April 26th, 1926.) 


In the preceding paper the filtration-reabsorption theory was discussed and 
it was concluded that the present state of the theory was such that a modifi- 
cation was needed. 

The main cause for the present crisis in the filtration-reabsorption theory 
is, I think, the way in which the threshold substances are defined. According 
to the theory as usually accepted all substances which are present in the 
reabsorbed fluid in more than insignificant amounts are termed threshold 
substances. The consequence of this definition has been that now practically 
all substances must be regarded as threshold substances, a view which makes 
the whole theory seem absurd. The reason for this is that in the present form 
of the theory no distinction has been made between active reabsorption and 
mere back-diffusion. In the modified form put forward in this paper the 
substances supposed to be present in the reabsorbed fluid are divided into 
two classes: (1) substances present because of active reabsorption by the 
tubule cells, or threshold substances proper, and (2) substances present because 
of mere back-diffusion, which are not threshold substances at all. To make 
clear the working hypothesis on which the experiments, dealt with in this 
paper, were started I shall ask the reader to make in his mind an experiment 
illustrating the process in the tubules according to my views. 

Suppose we have a tube through which we send fluid containing in solution 
a mixture of substances all present in the same concentration. We suppose 
water to be absorbed by the tubule walls during the passage. If now the walls 
of the tube are supposed to be impermeable to all the substances, all of them 
will evidently be concentrated to the same extent. But if we suppose the 
wall to be extremely permeable to some substances, slightly permeable to 
others and impermeable to some, then these last will evidently be concen- 
trated as before—the first will practically not be concentrated at all and 
the rest will be concentrated differently according to the ease with,which 
they diffuse through the walls. Let us send through the tube 1600 ce. of 
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fluid containing in solution 1 mg. % of each of the five substances: A, B, C, 
D and E£. 

The tube walls are supposed to be impermeable to A, increasingly permeable 
to B, C and D and extremely permeable to £. 

Let us now suppose 900 cc. of water to be absorbed during the passage 
through the tube. The 100 cc. of fluid left will contain all of the substance A 
which will amount to a 10mg. % solution and only one-tenth of # or a 
1 mg. % solution as before. The three other substances will be more or less 
concentrated, and between one-tenth and the whole amount of the substance 
will be present in the fluid. Suppose that we absorb 990 cc. instead of 900. 
A will be concentrated a hundred times, £ still practically not at all and the 
three others between one and a hundred times. The concentration in which 
one of these three substances is present will be higher than in the preceding 
example but the total amount will be less because more has diffused back, 
as the concentration rose. According to a process like the one assumed, the 
fluid issuing from the tube will therefore contain the different substances in 
concentrations which are equal to or higher than in the original fluid, whilst 
the fluid which has been reabsorbed contains the substances in concentrations 
varying from zero to one compared with the original fluid. 

Let us now suppose part of the tubule walls to possess the ability to 
absorb actively one of the substances, D. In this case the concentration of D 
may become much less in the fluid issuing from the tube than im the original 
fluid, whilst in the reabsorbed fluid the concentration is higher. It is therefore 
possible to distinguish, by means of the concentrations in the resulting fluid, 
between active reabsorption and loss by diffusion. 

How would such a process apply to the formation of urine? We should 
filter out fluid from the glomeruli; in the tubules there must be cells for 
reabsorption of water, sugar, sodium and perhaps other substances. These 
substances, which are supposed to be absorbed by specialised cells and which 
may almost disappear from the urine and may be present in the reabsorbed 
fluid in a concentration higher than that of the blood, would be the threshold 
substances. The rest, the no-threshold substances, should always be present 
in the urine if present in the blood, but in varying concentrations according 
to the ease with which they diffuse back through the tubule walls; the con- 
however must in each case be related to one another 


centration ratios 
The main difference between this formulation of 


according to certain laws. 
the theory and that of Cushny is that according to Cushny a substance is a 
threshold substance if it is present in the reabsorbed fluid—according to the 
formulation here given a substance may be present in the reabsorbed fluid in 
large amounts as a result of mere diffusion—it is only a threshold substance 
if the percentage in the reabsorbed fluid can under certain circumstances be 
higher than in the blood. It is in reality not a mere question of the definition 
of the term threshold substance but at the same time an accentuation of the 
difference between active reabsorption and diffusion. This way of distinguishing 
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between threshold substances and no-threshold substances brings back again 
among the latter all substances which, since Cushny, have been transferred 
to the threshold group. Perhaps it will even be possible to reduce Cushny’s 
original threshold group considerably, so that, compared with the present 
state of the theory, we attain a real simplification. The theory, moreover, 
has the same advantage as Cushny’s that it is possible to test it quantitatively. 
It should be possible—as demonstrated in the preceding paper—to estimate 
the amounts of filtrate and the amounts of the different substances filtered. 
If we compare these with the amounts excreted we should be able to decide 
if there is a difference in the reabsorption of threshold substances and no- 
threshold substances, as we should expect if, in the first case, we have to do 
with active reabsorption and in the other with mere back-diffusion. We 
should, moreover, be able to decide whether the threshold substances as thus 
defined are reabsorbed, as Cushny suggested, in a constant concentration. 

Is it possible that diffusion can occur to such an extent? I think that 
good reasons can be given in support of such an assumption. If the organism 





were able to make a wall which was impermeable for the substances, the 
elimination of which constitutes the work of the kidney, we should expect the 
wall of the bladder to be equipped with this ability too. But the bladder 
has been cleariy demonstrated to be permeable to at least some of the sub- 
stances concerned to a not insignificant extent | Vickers and Marshall, 1924]. 

Moreover, if we compare the concentration of alcohol and acetone in the 
blood and in the urine we find that the concentration is practically the same 
[Widmark, 1915, 1920]. These substances must therefore, if filtration has 
occurred, have been present in the reabsorbed fluid in the same percentages 
as in the bleod. They resemble the substance # of our example. According 
to the old definition they should be threshold substances which were reabsorbed ; 
according to the new definition they are no-threshold bodies to which the 
tubule walls are extremely permeable. It must be admitted that these sub- 
stances are in a class by themselves; but, when diffusion takes place with 
these substances to such an extent, why should it not play a part in the 
excretion of other substances too? Here the back-diffusion is so considerable 
that it lowers the concentration in the urine to practically the same percentage 
as in the blood; should the tubules then really be impermeable for all other 
no-threshold substances? Should we not expect the tubule walls to be per- 
meable for these substances in the same way as the bladder? If they are 
permeable even to a very slight extent the immense surface (more than 
50,000 em.? if we assume 2,000,000 kidney units) will make diffusion a factor 
of importance. 

In order to calculate the concentration of a substance in the fluid reab- 
sorbed from the glomerular filtrate during the passage through the tubules, 
parallel estimations of at least two substances are required. One of these 
substances must be a no-threshold substance to which the tubule walls may 
be taken as impermeable. For reasons given in the preceding paper creatinine 


2 
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has been chosen as basis for the calculations, which are carried out as 


follows. 
Suppose Ff to be the amount of filtrate, U the amount of urine, Crp % the 
percentage of creatinine in the plasma and Cry % the percentage of creatinine 


in urine then / 
I Crp % U » Cru % 


l 
(1) LOO LOU 
Cr7 °/ Orr; %/, 
° ° UI y si . it ° 
This gives (2) F=7~~“° x U=C x U when ~~ 2? =C (index of concen- 
Crp 0 rp /O 


tration); or, in words: by means of a substance creatinine, which is supposed 

not to diffuse back, we calculate how much the urine has been concentrated 

during its passage through the tubules (our index of concentration). This 

multiplied by the amount of urine gives the amount of filtrate formed. And 

for the substance B, which we want to study, we get 

Fx Bp% Rx Br% Ux Bs% 
100 100 100 


(3) 


where F is the amount of fluid reabsorbed and Bp % is the percentage of the 


> 


substance B in the reabsorbed fluid. 
Now we have 


2. Ff —-U-0x 0-0-0 +0 


and (3) therefore gives 
B; 0 _# i Be% -t Bu % ¢ l Bp lg — U es Bu% 
oor R (C—1)U 
Cx Bp%—-Bu% 
C-—1 . 

The basis for this formula is the assumption given above that all of the 
creatinine present in the glomerular filtrate is also present in the urine. But 
this is only an assumption and is perhaps not true for any substance present 
in urine. How will it affect our formulae if the assumption is erroneous? 
Evidently the urine has then been more concentrated than our index of con- 
centration shows, more filtrate has been formed, more of the substance B has 
filtered out and more has diffused back. The formula given for Bp % (4) may 


or (4) Br % 


be written 
i 


C1] 


Y 


C! 
(5) Br% CO | Bp% ey . Bu % . 


; Bp % will approach the 


If in this formula C increases, the first term ( 


. ] s : 
value of Bp % and the second term no By % will approach zero, that is, 


with increasing index of concentration and constant Bp% and By% the 


value of Bp % will tend towards the value of Bp %: or if part of the creatinine 
used in our calculations has diffused back our calculated value for Bp, % will 


differ more from Bp % than the true value. 
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With this in mind we are able to use the formula even if the creatinine 
on which the calculations are based partly diffuses back into the blood during 
the passage through the tubules. 

In the present paper two series of experiments are given; one dealing with 
a substance regarded as a no-threshold substance, urea; the other with a 
substance universally agreed to be a threshold substance, chlorine. 


The excretion of urea. 

The aim of this series of experiments was to study the excretion and 
especially the 
blood urea, ete. 

The variations in the excretion were induced by different means. In some 


‘ 


“reabsorption” of urea in varying conditions; diuresis, high 


experiments only the creatinine needed for the index determination was taken, 
in others the ingestion of creatinine was followed by large doses of urea in 
order to drive the urea-content of the blood up above the normal. Sometimes 
the ingestion of urea was followed by water drinking in order to get dilute 
urines with high blood urea values, or the water was drunk without previous 
urea ingestion to get a water diuresis with normal blood urea. 

The arrangement of the experiments was as stated in the paragraph on 
creatinine excretion. The determination of the urea in the plasma was carried 
out by means of the micro-urease method described in an earlier paper 
[Rehberg, 1925, 1]. 

The determination of the urea in the urine was made by the ordinary 
Van Slyke method with parallel determination of the ammonia. 

As examples of the experiments I shall give the following protocols with 
the resulting calculations. 


Time Time 
9.30 5 g. creatinine + 200 ce. of water taken 1.37 4th sample of urine, 68 cc. 
10.10 20 g. urea + 200 cc. of water 2.05 5th sample of urine, 189 ce. 
11.02 1st sample of blood 2.15 4th sample of blood, 400 cc. of water 
11.06 bladder emptied 2.27 6th sample of urine, 335 ce. 
11.42 1st sample of urine, 73 ce. 2.54 7th sample of urine, 520 cc. 
12.05 2nd sample of blood 3.18 5th sample of blood 
12.10 2nd sample of urine, 43 ce. 3.33 8th sample of urine, 279 ce. 
12.15-40 lunch +400 cc. of fluid 3.57 9th sample of urine, 49 ce. 
12.58 3rd sample of urine, 53-5 ec. 4.15 6th sample of blood 


1.09 3rd sample of blood, 200 cc. of water 


Result of analysis. 


Creatinine mg. per Urea mg. per 
Sample 100 ce. plasma 100 ce. plasma 
1 8-14 1 {orel STB 
| 57-3) 
a’ ie > (493) 40. 
2 6-93 “ 149-3) 49-3 
; vie ae 
3 6-58 3 141-7) 44-5 
4 4-82 4 41-8 
5 os ~ (39:2) ao, 
5 4-33 5 140-5) 39-9 
; 2.46 » {38°8) ao, 
6 3°46 6 40-0) 39-4 


9 5) 


ea —“a 
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Creatinine mg. Urea-N + NH,-N NH,-N mg. Urea mg. 
Sample per 100 cc. urine mg. per 100 cc. urine per 100 cc. urine per 100 ce. urine 
1 515 1000 17 2103 
2 582 1178 28 2460 
3 861 1470 47 3025 
4 426 1112 36 2300 
5 97 314 12 646 
6 40 141 3-2 295 
7 35 123 3-1 256 ) 
8 68 233 10-9 475 
9 177 622 28 1250 


By means of the values from the blood analyses curves of plasma creatinine 
and plasma urea are drawn. On these curves are marked the intervals corre- 
sponding to the different urine samples and the values of plasma creatinine 











; ae ’ } 
and plasma urea corresponding to these time intervals are read off from the 
curves (Fig. 1). 
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Fig. 1. Curves of plasma creatinine (OQ) and plasma urea (+). 


The calculations are now carried out according to the formulae given 
on p. 464. 
(1) The mg.-percentage of creatinine in the urine divided by the corre- 
sponding mg.-percentage in the blood gives the concentration ratio of crea- 
/ 0/ \ 
tinine or the concentration index of the urine ( ( Op ar. 
\ TP /o/ 
(2) The concentration index multiplied by the amount of urine per min. 
gives the amount of filtrate per min. (C x U = F). 
(3) The amount of filtrate per min. less the amount of urine per min. 
gives the amount of fluid reabsorbed per min. (R = F — U). 
(4) The amount of filtrate multiplied by the percentage of urea in plasma 


100 ¢ Up% Fv). 


(5) The filtered amount of urea less the amount excreted gives the amount 


Cry 


Y 


7 


gives the filtered amount of urea ( 


reabsorbed (Fy — Uy = Ry). 
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(6) The reabsorbed amount of urea divided by the amount of reabsorbed 
fluid gives the percentage of urea in the reabsorbed fluid 


(FZ x 100=Up %) 


(7) The amount of urea excreted divided by the amount filtered gives 
the percentage of the filtered amount of urea which is excreted 


Uv , ; \ 
( x 100 = Ey %, excretion percentage } . 
/ 


Fu / 
Table I. 
Amount of 
Creatinine Creatinine Concentra- Amount of fluid reab- Urea 
‘ mg. per mg. per tionindex Amount of filtrate cc. sorbed cc. mg. per 
Urine 100 ce. 100 ce. Cre % urine ce. per min. per min. 100 ce. 
sample urine plasma Cre % per min. CxU F-U plasma 
Cru % Crp % C U F R I PEA 
1 515 7-75 66-5 2-03 135 133 54-60 
2 582 7-10 82 1-54 126 124-5 50-50 
3 861 6-70 129 1-11 143 141-9 47-25 
4 426 6-30 67-6 1-74 118 116-3 44-30 
5 97 5-50 17-6 6-75 119 112-3 42-80 
6 40 4-85 8-25 15-22 126 110-80 41-60 
7 35 4-60 7-6 19-25 146 126-8 41-00 
8 68 4:35 15-6 7-16 112 104-80 40-00 
9 177 3°90 45°3 1-26 57 55:8 39-60 
Filtered 
urea 9%  Concentra- 
Urea Urea fil- Urea ex- Urea reab- Urea % in whichis tion ratio 
mg. per tered mg. creted mg. sorbed mg. the reab- excreted of urea 
Urine 100 ec. per min. per min. per min. sorbed fluid JU, Uv % 
sample urine FxUp% UxUc% Fr-U, Ry, x 100 | 100 Ur % 
Ur % F, U, R, Or% Eu % C, 
1 2103 73-6 42-75 30°85 23-2 58 38-6 
2 2460 63-6 37-9 25-7 20-6 59 48-7 
3 3025 67-5 33-6 33-9 23-9 50 64 
4 2300 52:1 40-0 12:1 10-4 77 52 
5 646 51-0 43-6 7-4 6-6 85 15-1 
6 295 52-20 45-0 7-2 6-5 86 aI 
7 256 60-00 49-3 10-7 8-45 82 6°25 
8 475 44-80 34-0 10-8 10-3 76 11-9 
9 1250 22-60 15-75 6°85 12-3 70 31-6 


If we now look at the details of this experiment we see that the plasma 
creatinine falls rapidly—that the water drinking induces a violent diuresis 
reaching the highest value observed in these experiments: 19-25 cc. per min. 
When we compare the amount of urine with the calculated amount of filtrate 
we see that, though the diuresis is accompanied by a rise in the amount of 
filtrate, the amounts formed are by no means especially high in this case 
(maximum = 146 cc.). The diuresis has mainly been of tubular origin and 
is brought about by a relative decrease in the reabsorption. In the last period 
recorded the filtration (and reabsorption) falls to the lowest value observed 
in these experiments (57 cc. per min.). Perhaps this means only that the 
kidneys are returning to a normal resting state, but it is possible that it is a 
depression similar to that observed by Barcroft and Straub [1910] in the 
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oxygen consumption of the kidney of the cat after injection of 0-5 g. urea; a 
depression which these authors ascribed to a toxic action of the urea, but 
which is perhaps only due to fatigue. 

The most interesting columns of the table are the last three, (Up %) the 
percentage of urea in the reabsorbed fluid, (2y%) the percentage of the 
filtered urea which is really excreted, and (Cy) the concentration ratio for 
urea. 

From column U,°% we see that urea is present in the reabsorbed fluid 
in a rather high percentage just as in Mayrs’ experiments on rabbits. The 
percentage varies considerably, rising to a maximum of 51 % of the corre- 
sponding percentage in the plasma, when the urine is highly concentrated 
(period 3), and falling to a minimum of 15 % of the corresponding percentage 
in the plasma, when the urine is highly diluted (periods 5 and 6). 

Because of this back-diffusion only part of the filtered amounts of urea 
is really excreted. In this experiment the excreted amount (Ly %) is seen 
to vary from 50 % to 86 %, the highest excretion percentage occurring when 
the urine is only slightly concentrated. The kidney appears to be less effective 
in excreting urea than in excreting creatinine, and for this reason the curve for 
blood urea does not show a fall as rapid as the curve for blood creatinine. 

The last column (Cy) gives the concentration ratio for urea, which varies, 
of course, with the concentration index though it is invariably lower. 

In another experiment in which no urea was taken the progress of the 


experiment was as follows. 


Creatinine mg. Urea mg. 
per 100 ce. per 100 ec. 
Time plasma plasma 
10.19 5 g. creatinine 200 cc. water 
10.57 Ist blood sample ... as 8-40 18-20 
11.48 2nd blood sample ... ce 8-80 16°30 
12.10-30 lunch, 300 ce. fluid 
12.40 3rd blood sample 7-25 17-40 
1.45 4th blood sample 5:55 18-3 
2.37 5th blood sample 5-10 17-0 
3.27 6th blood sample 4-25 16-6 
4.17 7th blood sample 3:70 17°85 


By means of these values curves were drawn and the values corresponding 
to the time intervals of the urine samples were read off. These values together 
with the result of the urine analysis are given in the table. The calculations 
are carried out in the same way as in the preceding example. The result is 
presented in Table II. 

In this experiment where no water or urea was ingested the concentration 
index is very high, increasing steadily throughout the experiment and reaching 
the maximum value observed; namely 293. The diuresis is very low and the 
filtration shows only small variations; there is especially no decrease with the 
decreasing diuresis. The small diuresis is caused by a large reabsorption. The 
blood urea is low, with but small variations during the experiment. 

The percentage of urea in the reabsorbed fluid is considerable, rising from 
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mg. per 


Table II. 


Urine 100 ce. 100 ec. Cry % 
sample Time urine plasma Crp % 
Cr, %, Crp % C 
] 11.07-11.54 1258 8-65 145 
2 11.54-12.50 1261 7-70 164 
3 12.50-1.57 1111 6-20 179 
4 1.57-2.49 1223 5-20 236 
5 2.49-3.36 1096 4-50 244 
6 3.36-4.26 1129 3°85 293 
Urea 
Urea excreted Urea re- 
Urea Urea filtered mg. per absorbed 
mg. per mg. per mg. per min. mg. per 
Urine 100 cc. 100 ce. min. UxUc% min. 
sample plasma urine Fx 05% 100 Fy, -U, 
Up% Oc % F, Uy R 
1 16-90 1392 16-4 9-33 7-07 
2 17-10 1436 19-70 10-06 9-64 
3 18-0 1522 25-2 11-9 13-3 
4 17-35 1840 22-05 9-95 12-10 
5 16-70 1890 20-65 9-65 11-0 
6 17-35 2080 22-4 9-16 13-24 


, 


Creatinine Concentra- 
tion index 


Urine ce. 
per min. 
U 
0-67 
0-70 
0-78 
0-54 
0-51 
0-44 

Urea % 
in reab- 
sorbed 

fluid 
R 
vl x 100 
R 

Un % 


5 


SKSOHA 
WO Ort oo 
Ot Ot 


Filtrate cc. 
per min. 
CxU 
PF 
97 
115 
140 


a7 


al 


124 
129 


Filtered 
urea % 
which is 
excreted 


— x 100 
F 
Lu % 


57 
51 
47 


a” 


t+) 
46-5 
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Fluid reab- 
sorbed ce. 
per min. 
F-U 
R 
96-3 
114-3 
39-2 
126-4 
123-5 
128-6 


Concentra- 
tion ratio 
of urea 
Ur % 
Urp% 
C, 
82 
84 
85 
106 
113 
120 


a value of 44 % to 59 % of the corresponding percentage in the blood as the 
concentration index rises. 

The excretion percentage is small owing to the high concentration of the 
urine; only about half of the amount of filtered urea is excreted, in the last 
period only 41 %. The concentration ratio for urea varies as before with the 
concentration index but to a smaller extent. 

The results of these and a series of similar experiments are shown in the 

2 


Figs. 2, 3, 4 and 5. 











~ 30 
"4 7 
= / 
oe 
} + + 
3 | ve * 
Z 20k / 
© + 
a are 
5 ee on 
v + 
> / are 
S ? ++ + 7 
+ 
- + + ; + 
g 10r es 
a + + i 
to +s ++ | 
g + 
a ~ 3 
£ 
a) i Ripe 4 1 A 4 
- - 
10 20 30 40 50 


Urea mg. per 100 ce. plasma 
&- I ] 


Fig. 2. The percentage of urea in the reabsorbed fluid. 


On Fig. 2 is shown how the percentage of urea in the reabsorbed fluid 


varies with the percentage in the blood. The percentage in the reabsorbed 
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Fig. 4. The decrease in the excretion percentage with increasing concentration index. 


The curve drawn as in the preceding figure. 
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Fig. 5. The variation in the concentration ratio of urea with increasing 
concentration index. 
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fluid is always the lowest. In no single case is it necessary to suppose any 
active reabsorption. The result is in accordance with the result of Mayrs, 
previously mentioned, on rabbits, but the conclusion is different. Mayrs 
concluded, using Cushny’s definition of threshold substances, that urea was 
a threshold substance reabsorbed actively because it was of value for the 
organism. According to the modified definition urea is a no-threshold sub- 
stance present in the reabsorbed fluid because of back-diffusion. 

In Fig. 2 it is impossible to see the influence of the concentration index on 
the reabsorption, but in Fig. 3 is shown how the percentage in the reabsorbed 
fluid approaches the percentage in the blood when the concentration index 
rises, though it never gets higher than about 60 % of the percentage in the 
blood. 

In the next figure (4) are shown the variations in the excretion percentage 
with varying concentration index; that is, how large a percentage of the 
filtered amount of urea is excreted. The excretion percentage is on the whole 
much larger with low values for the concentration index than with high. 
The points in this and in the preceding figure are, however, very scattered. 
There are several reasons for this. One is that two of the estimations upon 
which the calculations are based do not give very accurate results. The urea, 
and especially the creatinine, determinations in plasma may have errors which 
are not insignificant. An error in the plasma creatinine determination of 
5 % will give the same error in the calculated amount of filtrate, and if the 
error in the urea determination goes in the same direction the calculated 
Ey % may differ considerably from the true value. 

For example, the determination of creatinine in the third blood sample 
in the experiment reported on p. 465 is probably erroneous. From the curve 
(Fig. 1) it seems that 5-90 mg. per 100 cc. instead of 6-58 mg. is more likely. 
If we use 5-90 mg. this will influence the values calculated for the periods 
3,4 and 5. Period 4, for instance, will give a concentration index of 74 instead 
of 68 and an excretion percentage of 70 instead of 77. In other cases the change 
in the excretion percentage may be even greater. Another possible reason is 
the error due to the amount of urine to be expelled from the “dead space.” 
This error is, as demonstrated in the preceding paper, impossible to overcome. 
Moreover, some of the points which fall farthest away from the curves arise 
in periods where the rate of diuresis was rapidly changing. For example 
the points corresponding to C 133 originate from a period with a diuresis of 
1-18 ce. per min. whilst the preceding and subsequent periods gave 0-47 cc. 
and 12-12 cc. respectively. The high Hy % for the intermediate period may 
perhaps be explained as a washing out of concentrated urine from the tubules 
by the increasing filtration. Lastly, a large part of the variation is probably 
real and due to variations in the surface of the tubules. 

In the next figure (5) is shown how the concentration ratio for urea 

. . Ge% ; bass a — — ; 
(c v= ) follows the rise in the concentration index C without reaching 
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the same high values, so that when the urine has been concentrated 280 times 
the urea has only been concentrated about 120 times. 

The result is in agreement with the working hypothesis, while I think it 
will be difficult to explain by the secretion theory that the extent to which 
urea is concentrated is dependent in this way on the extent to which creatinine 
is concentrated. 

To summarise the results: 

(1) the calculated percentage of urea in the reabsorbed fluid is always 
lower than the corresponding percentage in the plasma; 

(2) it approaches the percentage in the plasma the more concentrated 
the urine is; 

(3) that percentage of the calculated filtered urea which is excreted is the 
higher the less the urine has been concentrated; 

(4) the urea is the more concentrated the more the creatinine is con- 
centrated. 

These four results are all in accordance with what could be expected if the 
excretion of urea is mainly a question of how much diffuses back through the 


tubule walls during the concentration process. 


The excretion of chlorine. 

The next series of experiments deals with the excretion of chlorine. The 
arrangement of the experiments was similar to that used in the experiments 
on urea. In some experiments only creatinine has been taken, in others large 
doses of NaCl were ingested in order to increase the Cl-content of the blood— 
sometimes the NaCl intake was supplemented by water drinking in order to 
get dilute urines corresponding to a high blood chlorine. In other experiments 
large amounts of water were drunk in order to obtain low values for the 
blood chlorine. 

The value for blood chlorine to be used in the calculations is of course 
only the part present in the blood in a filterable form; that is, the amount 
present in the plasma of arterial blood. As the distribution of the total 
chlorine between corpuscles and plasma varies with the carbon dioxide 
tension, it was necessary to separate the plasma from the corpuscles with 
such precautions that this tension was not changed. This was done by 
collecting and centrifuging the blood under paraffin oil. The determination 
of the chlorine in the plasma was made in duplicate by the method described 
in another paper | Rehberg, 1926]. The difference between duplicate estima- 
tions was usually about 2-3 in the third decimal place and very seldom more 
than 5 mg. %. 

The determination of chlorine in the urine was made in a similar way. 
In a 20 cc. flask were measured out 2 cc. of 0-15 N AgNO,, 1 cc. of cone. 
HNO, and 5 ce. of a strong solution of ferric alum. To this was added an 
amount of the urine to be analysed varying from 0-5 cc. to 10 cc. according 
to the dilution of the urine and the expected concentration of chlorine. The 
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flasks were next filled to the mark with distilled water. The contents were 
shaken and left until the precipitate had settled. 1 cc. of the clear fluid was 
pipetted off in one of the small test tubes used in the blood analyses and 
titrated by means of 0-1 N thiocyanate with the micro-burette [Rehberg, 
1925, 2]. Two or more samples from the same flask were titrated and the 
mean taken. The difference between two titrations does not exceed 1 % and 
is usually less. 
As an example of the experiments the following two may serve . 


Creatinine mg. per Chlorine mg. per 
Time 100 ce. plasma 100 ce. plasma 
9.27 5 g. creatinine 
371 ) an 
10.38 lst blood sample 8-30 37] ( 371 
37 
‘ hap 311°C). an 
11.30 2nd blood sample 7-78 pts 372 
oio°V\ 
12.30-50 lunch 
12.50 water drinking started 
‘ ‘ ~ 16 566 1 ape 
1.03 3rd blood sample 5-13 269 ¢ 368 
366 
‘ 2 no 50 | op 
2.03 {th blood sample 6-08 + ¢ 361 
VO 
2.17 water drinking stopped (in all 3000 cc.) 
9 96 - 2.95 309 | opr 
3.33 5th blood sample 3°83 ee 367 
369 \ 
> 1 9.95 69 or 
4.33 6th blood sample 3°83 270) 369 
otiyV 


By means of these values curves of plasma creatinine and plasma chlorine 
were drawn. On the curves the time intervals corresponding to the urine 
samples were marked, and the values for plasma creatinine and plasma 
chlorine corresponding to these intervals were read off from the curves. These 
values together with the results of the urine analyses are given in Table III. 

The object of this experiment was to get low plasma chlorine values. It 
was not very successful as the chlorine went down only from 372 to 361 mg. 
per 100 cc. The lowest value which I have been able to obtain in this way 
for the chlorine content of the plasma is 356 mg. per 100 ce. 

The result of the water drinking was a very low concentration index while 





mg. chlorine per 100 ce. 





Oar 12 Ipm 2 4 
Time in hours 


Fig. 6. The percentage of chlorine in the reabsorbed fluid (CQ) during an 
experiment with low plasma chlorine ( +). 
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Table III. 


Creatinine Creatinine Concentra- Reabsorbed 





mg. per 


mg. per 





tion index 


Filtrate cc. 


fluid ce. 


Urine 100 ce. 100 ce. Cru % Urine ce. per min. per min. 
sample Time urine plasma Cre % per min. CxU F-U 
Cr, % Crp % C U F R 
] 10.44-11.15 907-0 8-05 113-0 1:77 200 198-2 
2 11,15-12.01 992-0 7-40 134-0 0-96 128 127-0 
3 12.01-1.09 1161-0 5-90 197-0 0-71 139 138-3 
4 1.09-1.36 225-0 5°45 41-0 2-90 119 116-1 
5 1.36-1.54 68-5 5-80 11-8 12-20 144 131-8 
6 1.54-2.10 44-8 6-00 7-5 17-60 132 114-4 
7 2.10-2.27 39-4 5-70 7-6 17-30 131 113-7 
8 2.27-2.49 42-1 5°25 8-0 14-95 120 105-0 
9 2.49-3.22 38-4 4:55 8-4 14-7 124 109-0 
10 44-4 3°95 11-2 9-95 112 102-0 
11 48-0 3°83 12-5 10-5 132 121-5 
12 54-4 3°83 14-1 8-7 123 114°3 
Chlorine Chlorine Filtered 
filtered excreted Chlorine Chlorine chlorine 
Chlorine Chlorine mg. per mg. per reabsorbed inthe reab- % which 
mg. per mg. per min. min. mg. per sorbed fluid is excreted 
Urine 100 ce. 100 ce. FxClp% UxClu% min. Ra U. 
sample _ plasma urine ~~ 100 ~ 100 Fo -—U. R 100 ae L00 
Clr % Clr % F Ue R, Cla % Eun % 
1 371-5 428-0 741 7:58 733-4 371-0 1-0 
2 372 594-0 499 6-68 492-3 369-9 13 
3 370 668-0 514-5 4-72 509-8 368°5 0-9 
d 366-5 185-6 438 5:36 432-6 371-0 1-2 
5 364:5 44-4 526-5 5-43 520-1 394-1 1-0 
6 362 * 8 476-5 6-14 470-4 411-7 1-3 
7 362-5 32:1 A75 5-56 469-4 412-9 1-2 
8 363-5 27°5 435 4-12 430-9 411-5 0-9 
9 365-5 23°6 455 3°48 451-5 411-5 OS 
10 367 22-5 411 2-24 408-8 401-0 0-5 
1] 368-7 22:1 456 2-32 483-7 398-7 0-5 
12 369-3 27-2 464 2-37 461-6 395°3 0-5 


the amount of filtrate kept within the normal limits. 


Although the change 


in plasma chlorine was so slight the kidney reacted very distinctly towards it. 
The Cl percentage in the reabsorbed fluid, which at first was lower than in 


the blood, rose high above it when the Cl in the blood fell below 
(cf. Fig. 


In other experiments sodium chloride was ingested in order 


6). 


the Cl percentage in the plasma. 


oO 
0 


370 mg. 


to increase 


Creatinine mg. per Chlorine mg. per 
Time 100 cc. plasma 100 cc. plasma 
9.19 5 g. creatinine 
9.53 10 g. NaCl 
10.55 Ist blood sample 7°58 380 
11.13 10 g. NaCl 
11.54 2nd blood sample 5:87 395 
12. 50 3rd blood sample 5:07 399 
2.55-1.10 lunch 
1.10 600 ce. water 
2.25 4th blood sample 4-44 397-5 
3.40 5th blood sample 3°81 382-5 
4.35 6th blood sample 3°74 381-5 
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Table IV. 





Creatinine Creatinine Concentra- Reabsorbed 
mg. per mg. per tion index Filtrate cc. fluid in ee. 
Urine 100 ce. 100 ec. Cru % Urine ce. per min. per min. 
sample Time urine plasma Cre% per min. CxU F-U 
Cry % Crp % C U F R 
] 11.01-11.49 933 6-65 140 0-92 129 128-1 
2 11.49-12.32 546 5-60 98 1-29 126 124-7 
3 12.32-1.16 302 5:05 60 2-18 130 127-8 
4 1.16-1.53 144 4:75 30 4-58 139 134-4 
5 1.53-2.41 244 4-45 55 2-23 122 119-8 
6 2.41-3.33 267 4-05 66 1-65 109 107-35 
7 3.33-4.00 252 3°85 65-5 1-70 lil 109-3 
8 4.00-4.41 264 3-77 70 1-59 111 109-4 
Chlorine Chlorine Chlorine Filtered 
filtered excreted reabsorbed Chlorine °% chlorine 
Chlorine Chlorine mg. per mg. per mg. per in reab- % which 
mg. per mg. per min. min. min. sorbed fluid is excreted 
Trine 20 2 MW 5 (],, 0/ T x Cl, 04 D T 
bstor —— a ee EOD 9, oS, Fa 190 2" x 100 
sample plasma urine 100 100 i : R F, 
Cle % Cly % Fo Va Ro Cl, % Ea% 
] 388 920 498 8-43 489-6 384°5 1-7 
2 396 1028 499 13-3 485-7 389-5 a | 
3 398-5 1061 520 23-2 496°8 387-3 4:5 
+ 398 878 553 40-2 512-8 381-65 73 
5 396 1003 484 22-4 461-6 384-8 4-6 
6 388-5 1007 423 16-6 406-4 379-5 39 
7 383 1034 427 17-6 409-4 372-9 4-] 
8 381-75 1028 423 16-3 406-7 372- 39 


In this experiment in which sodium chloride was taken first and later 
600 cc. water were drunk the plasma chlorine went up as high as 399 mg. per 
100 ce. The kidney reacted towards this by excreting chlorine in high con- 
centration The calculation of the percentage of chlorine in the reabsorbed 
fluid shows that this also is high (Fig. 7). 
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Fig. 7. The percentage of chlorine in the reabsorbed fluid (©) during an 
experiment with high plasma chlorine (+). 


The results of a series of experiments of this kind are shown in the following 
figures. In Fig. 8 is shown how the percentage of chlorine in the reabsorbed 
fluid varies with the percentage of chlorine in the blood. The observations 
evidently fall into three groups. In one group the percentage of chlorine in 
the plasma varies but little from 370 mg. %. As long as the plasma chlorine 
keeps within limits of about 365-375 mg. % the amount of chlorine in the 











476 P. B. REHBERG 


reabsorbed fluid is practically the same. As long as the chlorine varies within 
these limits, which are the limits for the “optimal percentage,” the kidneys 
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Fig. 8. The percentage of chlorine in the reabsorbed fluid. 


keep up the percentage by reabsorbing chlorine in such amounts that the 
reabsorbed fluid gets the same concentration of chlorine. This is true, however, 
only when the chlorine of plasma is practically constant, which for normal 
persons is perhaps always except when they are living on a salt-rich diet or 
come under experimental conditions. The figure shows that Clp% varies 
considerably as soon as the chlorine content of the plasma differs appreciably 
from 370 mg. %. It might be a cause for surprise that whether the chlorine 
content of the plasma falls or rises the result is that the percentage in the 
reabsorbed fluid is higher than normally, but there is the very significant 
difference that when Clp% is low Clp% is higher than Clp% whilst the 
opposite is the case when the percentage in the plasma is high. 
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Fig. 9 illustrates the relation between the concentration index and that 
part of the filtered chlorine which becomes eliminated in the excreted urine 




















‘ 
Y 
\ 
6t \ 
5K 
o e ~ 
o~ | 
BS 3h oN 
a 
een i : = as s ings aa 
+ EO 
*e ut * 2 € _ | 
L i oamasl i 4 4 
C 50 100 150 200 250 300 
Fig. 9. The excretion percentage of chlorine: +, when plasma chlorine is below 375 mg. %. 


O, when plasma chlorine is above 375 mg. %. 


(the excretion percentage). Here the observations fall into two groups. One 
group of points belonging to experiments in which the chlorine content of the 
plasma was below 375 mg. % lies in a narrow band along the abscissa axis. 
Irrespectively of the concentration index the amount of chlorine excreted is 
very nearly 1 % of the filtered quantity. With highly concentrated urines 
only the figure is perhaps a little lower. The other group belonging to experi- 
ments with a plasma chlorine above 375 mg.% is, however, distinctly 
dependent on the concentration index, that amount of the filtered chlorine 
which is finally eliminated rising as the concentration index falls. 


DISCUSSION. 


How are these facts to be explained? If we compare Figs. 8 and 9 with 
Figs. 2 and 4 respectively we find that the data obtained on chlorine when the 
content of the plasma is above 375 mg. % resemble closely those obtained 
on urea. 

As the percentage of chlorine in the plasma rises the percentage in the 
reabsorbed fluid rises too, as was the case with urea, though it never reaches 
the value of the plasma chlorine just as the value of Up % did not reach the 
value of Up%. Further, when the plasma chlorine is above 375 mg. %, the 
excretion percentage of chlorine is dependent on the concentration index just 
as was the excretion percentage of urea (Figs. 9 and 4). The only difference 
between the two substances is that the percentage of chlorine in the reabsorbed 
fluid is always nearer to the corresponding percentage of chlorine in the blood 
than the U,% was to Up%. The easiest explanation is that when the plasma 
chlorine is above 375 mg. % the chlorine is treated as a no-threshold substance, 
the excretion of which is simply determined by the amount of chlorine filtered 











478 P. B. REHBERG 


and the concentration index of the urine. The main difference between the 
two substances is that chlorine diffuses back through the tubule walls with 
much greater ease than does urea, so that the value of Cly, % approaches the 
value of Clp% much more than the corresponding values for urea. 

In Fig. 10 is shown how the value of Clp% approaches the value of Clp% 
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Fig. 10. 


x 100, when the plasma chlorine is above 375 mg. 


when the concentration index rises. With a concentration index of 30 the 
percentage of chlorine in the reabsorbed fluid is about 96 % of that in the 
plasma, whilst at a concentration index of 150 the value of Cl, % is about 
99 % of the value of Clp%. For urea the values at the same concentration 
indices are about 32 % and 45%. 
3ecause of this very rapid back-diffusion the percentage of the filtered 
chlorine which is excreted at a certain concentration index is much smaller 
than the amount of the filtered urea excreted at the same concentration 
index (e.g. concentration index 50, F,,°% = 5% and Ey % about 65-70 %). 
On the other hand, the data obtained show that when the chlorine content 
of the plasma falls below 375 mg. °% the chlorine is treated in quite another 
way by the kidney. As long as the content of the plasma does not fall below 
370 mg. % the percentage in the reabsorbed fluid is practically the same, but 
when the content falls lower the percentage in the reabsorbed fluid rises high 
above the percentage in the plasma. If we suppose active reabsorption to 
begin when the plasma chlorine falls below 375 mg. % these facts are in 
striking agreement with the hypothesis. But how is the unexpected result 
which has emerged to be explained; namely, that the excretion percentage 
is practically independent of the concentration index of the urine when the 
plasma chlorine is below 375 mg. %? Whatever the concentration index is, 
about 1 % of the filtered chlorine is excreted, whence it appears that the 
reabsorption of the chlorine is not helped by the rising concentration of the 
urine. An explanation of this is needed and that which offers itself is that the 
main concentration of the urine takes place at a lower place in the tubules 

than the reabsorption of the chlorine!. 
1 Starling and Verney [1924] come to the same conclusion from their experiments on the 


isolated kidney. Without discussing these experiments, which from the standpoint of the 
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In the previous paper it was stated that if the pressure in the cavity of 
the capsule were able to drive out the urine it was necessary to postulate that 
the main reduction in volume should take place in the proximal convoluted 
tubules. Is this in contradiction with the postulate here, that the main 
concentration of the urine must take place at a lower level than the reab- 
sorption of the chlorine? It is not, as the two terms reduction in volume 
and concentration, as I have used them, do not mean the same thing. If 
from 100 ce. filtrate we reabsorb 90 cc. water it is a great reduction in volume 
though the concentration index will be only 10; if however we reabsorb 9 cc. 
more this will raise the concentration index from 10 to 100. In reality we 
may expect the reabsorption of water to be very rapid in the beginning when 
the osmotic resistance to be overcome is relatively small. If, therefore, we 
picture to ourselves the process in the following way we have both postulates 
realised. 

A certain amount, say 100 cc. of filtrate containing 360 mg. chlorine, 
passes through the tubules. As the chlorine content is below 375 mg. % the 
excretion percentage is about 1% so that 99 % or about 357 mg. chlorine 
are reabsorbed. This chlorine we will suppose to be reabsorbed along with 
80 cc. of fluid (= R,) in passing the proximal convoluted tubules. If no further 
reabsorption occurred we should get 20 cc. of urine containing 3 mg. chlorine 
or a urine with a concentration index of 5, a chlorine concentration of 15 mg. % 
and an excretion percentage for chlorine of 0-83 %, whilst the corresponding 
reabsorbed fluid would have a chiorime concentration of = 30 = or 

8 
447 mg. %. 

But suppose 15 cc. of fluid (= R,) to be absorbed farther down the tubules, 
then in all 95 cc. of fluid (R, + R, = R) would have been reabsorbed together 
with 357 mg. chlorine. The 5 cc. of urine would have a concentration index 
of 20 and a chlorine content of 60, so that the total amount of chlorine and 
the Ey % are the same. 

If we suppose a process like this the result will be in accordance with the 
facts observed and will explain that the fraction of the filtered chlorine which 
is excreted is practically independent of the concentration index. Moreover 
we see that, though the fluid assumed to be reabsorbed in the proximal 
convoluted tubules (#,) is of a constant composition, the percentage of chlorine 
in the total reabsorbed fluid R varies and is dependent on the concentration 
index. If we compare the values for Clp%, Clp% and C met in the real 
experiments we find exactly the same interdependence as Fig. 11 shows. 


‘“‘modern theory” appear to furnish strong arguments in favour of the mixed filtration-reabsorp- 
tion-secretion theory, the results are in agreement with what would be expected according to 
the modified theory here presented. If the influence of hydrocyanic acid is to stop reabsorption 
and to make the tubule walls permeable for all substances, we should expect a kidney, after 
treatment with cyanide, to excrete urine of a composition like the deproteinised plasma in a 
volume which is determined by the pressure in the glomeruli and the diameter of the tubules 
during the experiments. 


Bioch. xx 32 
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The data obtained on the excretion of chlorine may be summarised as 
follows: 

(1) The calculated percentage of chlorine in the reabsorbed fluid is above 
370 mg. % but below the percentage in the plasma when this percentage is 


above 375 mg. %. 
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Fig. 11. Cl» % 


(2) The calculated percentage of chlorine in the reabsorbed fluid is the 


_ 


same as in the plasma when the concentration of chlorine in the plasma is 


‘ 7; 0/ 
near 370 mg. %. 


(3) The calculated percentage of chlorine in the reabsorbed fluid is higher 
than 370 mg. % when the concentration in the plasma is below 370 mg. %. 

(4) The calculated percentage of chlorine in the reabsorbed fluid approaches 
the percentage of chlorine in the plasma when the concentration index 
increases. 

(5) When the chlorine content of the plasma is above 375 mg. % the 
percentage of the filtered chlorine which is excreted is dependent on the 
concentration index. Most is excreted with a low concentration index. 

(6) When the chlorine content of the plasma is below 375 mg. %, the 
percentage of the filtered chlorine which is excreted is practically independent 
of the concentration index. 


CONCLUSION. 

These results, as well as those obtained on the excretion of urea, may 
perhaps be rejected by the supporters of the secretion theory by saying that 
the only observed fact is the interdependence between the concentration 
ratios of the different substances, whilst the rest is the result of mere theoretical 
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assumptions made on the basis of the unproved postulate that the creatinine 
is filtered out through the glomeruli. I think however that the results obtained 
are in such good agreement with what would be expected from the working 
hypothesis that it is not unwarranted to put forth the following theory for 
the work of the kidney. . 

Large volumes of filtrate are formed in the capsules of Bowman. This 
filtrate contains in solution all diffusible substances from the plasma. In the 
tubules we have cells for the active reabsorption of the threshold substances. 
These substances are—drawing conclusions from the behaviour of the chlorine 
—only actively reabsorbed when the percentage in the plasma falls below a 
certain percentage; the optimal percentage. When the concentration in the 
plasma is above this percentage the threshold substances are treated by the 
kidney as no-threshold substances. The reabsorption of chlorine—and 
probably of the other threshold substances—takes place along with the greater 
part of the water in the proximal convoluted tubules. The real concentration 
of the urine takes place farther down the tubules by the reabsorption of rather 
small volumes of water. The percentages and amounts in which the no- 
threshold substances—and the threshold substances when their concentration 
in the plasma is above their optimal concentration—are excreted are deter- 
mined by the amount of filtrate, the concentration index of the urine and 
the ease with which the different substances diffuse back through the tubule 
walls. As the concentration index rises the concentration ratios of the 
different substances rise too, but at different rates. The group of no-threshold 
substances thus includes substances which may be concentrated to very 
different extents, from alcohol, which is not concentrated at all, to creatinine 
which may be concentrated several hundred times. 

It is a further problem to decide which substances are threshold substances 
and which no-threshold substances. Sugar is of course a threshold substance 
and urea has been proved to be a no-threshold substance. It has here been 
demonstrated moreover that chlorine behaves as a threshold substance. In 
reality I do not think that chlorine is the true threshold substance but only 
acts as an indicator of the real threshold substance, sodium. Only as long as 
the chlorine really may be taken as an indicator of the sodium can we expect 
to get results like those obtained in this paper. If the normal relation between 
sodium and chlorine in plasma is disturbed, as in acidosis, the excretion of 
chlorine follows other laws, which perhaps could be studied by a simultaneous 
analysis of the excretion of sodium, bicarbonate and chlorine according to the 


method used in this paper. 


SUMMARY. 


(1) The filtration-reabsorption theory and especially the way in which it 
distinguishes between threshold and no-threshold substances is discussed. 
(2) The difference between active reabsorption and mere back-diffusion is 
emphasised and a working hypothesis is put forth. 
32—2 
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(3) The excretion of urea and chlorine is analysed in two series of experi- 
ments according to this hypothesis. 

(4) The conclusions drawn from the experiments are: 

(a) urea is a no-threshold substance which is never actively reabsorbed. 
Its presence in the reabsorbed fluid is supposed to be due to mere diffusion ; 

(b) chlorine is a threshold substance which is actively reabsorbed when its 


0 


percentage in the plasma is below 375 mg. %; 

(c) when the percentage of chlorine in the plasma is above 375 mg. % 
chlorine is treated as a no-threshold substance; 

(d) chlorine (and the other threshold substances) are supposed to be re- 
absorbed together with most of the water in the proximal convoluted tubules; 

(e) the rest of the water is reabsorbed farther down the tubules. 

(5) Chlorine is held to act only as an indicator for the real threshold 


substance, sodium. 
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[In a recent paper Van Slyke [1923] describes a macro- and a micro-method 
for the determination of chlorine in blood and tissues. The principle of the 
method is to destroy the proteins by nitric acid in the presence of silver 
nitrate and subsequently to titrate the excess of silver nitrate by means of 
thiocyanate!. In this way the whole procedure may be carried out in a single 
vessel, which, especially for a micro-method, is an extremely valuable feature. 
The only drawback of the micro-method of Van Slyke is that it requires as 
much as | ce. of blood or plasma. 

If, however, the method could be modified so as to use smaller quantities 
of material, its usefulness would be much increased. By means of the method 
of microtitration described in an earlier paper [ Rehberg, 1925] this is easily 
attained without losing appreciably in accuracy. 

The method proposed, which has been in use for some time, is very similar 
to that of Van Slyke, yet a few alterations have been made, of which the 
principal are that the destruction of the proteins is helped by means of 
hydrogen peroxide, and that the titration is carried out in the presence of 
ether. Ether was introduced in the Volhard titration by Rothmund and 
Burgstaller [1909] who showed that the addition of ether to the fluid to be 
titrated made it possible to titrate accurately without separation from the 
silver chloride formed. The reason for this is that the silver chloride separates 
out in large particles so that the exposed surface is very small. The same 
result was obtained by heating the solution containing the silver chloride. 

In the titration as performed in the present method and in that of Van 
Slyke addition of ether is not necessary for this reason. The conditions—a 
high percentage of nitric acid and ferric alum—are sufficient, as demonstrated 
by Whitehorn [1920], to make titration in the presence of the silver chloride 
possible. Moreover the fluid has been heated for hours. The addition 
of ether, and constant mixing during the titration by means of an air-current, 
precipitates the silver thiocyanate in large particles, which are carried out of 





1 The same principle has also been used by Claudius [1924] as well as by the authors named 


by Van Slyke. 
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the fluid into the layer of ether above. In this way the fluid being titrated 
is kept practically clear, which is a great advantage in ascertaining the 
end-point. 

Material and procedure. 

The reagents needed are 0-15 N silver nitrate, 0-1 N potassium thiocyanate, 
concentrated nitric acid free from chlorine, 30 % hydrogen peroxide, con- 
centrated ferric alum solution and ether. The necessary apparatus comprises 
two microburettes, small test tubes of the form shown on the right of the 
picture in my paper on microtitration. They are ca. 8 cm. long with an outer 
diameter of ca.13 mm. and provided with a constriction so that they can 
hang in the burette arm. Further, a number of small test tubes fitting 
loosely into the lumen of the other tubes to be used as stoppers during the 
digestion, a water-bath with a stand taking a convenient number of the tubes 
and an arrangement for providing an air-current through the tubes during 
titration (see paper on microtitration) are required. 

The procedure in analysing whole blood or plasma is the following. By 
means of a microburette 0-1 cc. of the 0-15 N silver nitrate is measured into 
the bottom of one of the test tubes, 0-5 ec. of cone. nitric acid is added, and 
into this is measured 0-1 cc. of whole blood or plasma by means of a calibrated 
pipette which is rinsed twice with distilled water. 0-5 cc. of H,O, is added 
and the tube is closed by one of the small test tubes, shaken in order to mix 
the contents and placed in the water-bath. After heating an hour or so for 
plasma and two or three hours for whole blood, the mixture is of a clear yellow 
colour and is ready to be titrated. To perform the titration 0-1 cc. of cone. 
ferric alum solution and 1 cc. of ether are added. The titration is carried out 
by means of 0-1 N thiocyanate added from a microburette, the solution being 
stirred by means of a current of air bubbles coming from a fine tube reaching 
down to the bottom. On addition of the thiocyanate silver thiocyanate is 
formed, and by occasionally increasing the air-current this precipitate and 
most of the silver chloride are carried up into the layer of ether. The end-point 
is sharp and with some practice jt is possible to use the first fine trace of 
persistent colour so that no excess of thiocyanate need be subtracted as in 
the method of Van Slyke. 

The result is calculated from the formula: amount of chlorine per 100 ce. 
fluid = (150 + a) x 3-55 mg. when a is the reading of the microburette in 
mm.? after the titration. 

Duplicate analyses by the method will give results on plasma which 
seldom vary more than 2-3 mg. per 100 cc. Differences exceeding 5 mg. per 
100 ce. are usually easily avoided, though now and then a result for some 
unknown reason may be spoiled. The results of a series of duplicate analyses 
may be found in the paper on kidney function [Rehberg, 1926]. 

On whole blood the results are not quite so good, though the error is 
seldom 10 mg. per 100 cc. On clear fluids of a similar Cl-concentration the 
results are even better than for plasma. 
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The method may, like that of Van Slyke, be used also on tissues. In a 
study on mosquito larvae results of a series of analyses performed on about 
50 mg. tissue (5-6 larvae) gave identical results. 
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THE possible use of dihydroxyacetone in the treatment of diabetes was 
suggested, apparently first of all, by Emil Fischer, and this has been followed 
by observations upon its clinical use by various workers, particularly in 
Germany [Isaac and Adler, 1924], and in Canada. Rabinowitch [1925], for 
example, has shown that it possesses considerable antiketogenic power and 
has employed it successfully in the treatment of diabetic coma. 

For a long time discussion has centred around the claims of three compounds 
containing three carbon atoms as possible intermediaries in carbohydrate 
metabolism: methylglyoxal, glyceric aldehyde and dihydroxyacetone. It is 
impossible to discuss in detail here the respective claims of each of these, but 
reference may be made to the discussion by Dakin [1922]. 

In this connection the rather interesting fact may, however, be mentioned 
that dihydroxyacetone, when perfused through the liver [Embden, Baldes 
and Schmitz, 1912], can give rise to small amounts of d-lactic acid and to 
d-glucose, whereas glyceric aldehyde, under the same conditions, gives rise 
to large amounts of inactive lactic acid containing excess of the /-isomeride, 
and to d-sorbose, both of which are foreign to the animal body. In addition, 
glyceric aldehyde has been found [Sansum and Woodyatt, 1916] to damage 
the kidneys of rabbits, whereas dihydroxyacetone appears to be as innocuous 
as glucose itself. Moreover, dl-glyceric aldehyde when administered to dia- 
betics increases the glycosuria [Wells, 1920], whereas dihydroxyacetone is 
almost completely utilised. Again, the tolerance for glyceric aldehyde, when 
injected intravenously in the healthy individual, is much less than that for 
glucose or for dihydroxyacetone. It has also been shown [ Wind, 1925] that 
dihydroxyacetone is oxidised in neutral phosphate solution with great ease; 
for example, it absorbs atmospheric oxygen about 20-30 times as rapidly as 
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does fructose, which again is more easily oxidised than glucose. Further, 
as is well known, it reduces Fehling’s solution in the cold and some pre- 
liminary experiments have shown us that at py 7-3 its rate of oxidation by 
permanganate is very considerably greater than that of glucose. 

It seemed to us that one possible way of distinguishing between various 
suggested intermediaries is provided by the consideration that any inter- 
mediary ought to be a substance which, when administered to animals 
suffering from convulsions and coma due to insulin hypoglycaemia, will relieve 
the condition. It is not, of course, suggested that the converse is the case, 
since the animal body may well be able to utilise certain substances, for 
example mannose, which presumably do not occur naturally in it. 

On the other hand, a substance might prevent hypoglycaemia by being 
converted into glucose, and in this case one would expect that in all its 
reactions it would behave similarly to glucose, only showing possibly a delayed 
action. 

In spite of these reservations it seems of great importance definitely to 
establish whether or not dihydroxyacetone is able to relieve the symptoms 
of insulin hypoglycaemia in animals. 

The following experiments demonstrate quite definitely that dihydroxy- 
acetone produces prompt and effective recovery from insulin coma and that 
the recovery is at least as rapid as with glucose. 

The mechanism by which this recovery is brought about has occupied 
our attention and is very difficult to determine conclusively. It may be, as 
suggested above, that the dihydroxyacetone is directly oxidised, thereby 
providing the necessary energy for cellular metabolism, or it may be that it 
is very rapidly converted into glucose which then causes recovery, perhaps 
owing to its restoring the necessary glucose “tension” in the tissues as sug- 
gested by Noble and Macleod [1923] with reference to other substances 
which relieve insulin hypoglycaemia. The evidence, on the whole, we think, 
accords best with the first of these assumptions. This evidence, which will 
be discussed later, is supported by the results obtained by Rabinowitch and 
others, who claim that the substance is antiketogenic and utilisable by the 
diabetic organism, and by the experiments and clinical observations described 
below. 

EXPERIMENTAL. 

The dihydroxyacetone used in the following experiments is that sold by 
Meister, Lucius, Briining & Co. under the name of “oxantin.” The solution 
in water reduces Fehling’s solution and alkaline picric acid solution in the 
cold and gives no precipitate with phloroglucinol and sulphuric acid. The 
latter observation indicates the absence of glyceric aldehyde. A 50 % aqueous 
solution does not rotate the plane of polarisation of polarised light. It leaves 
no ash on ignition. When mixed with phosphorus pentoxide and gently 
heated it yields methylglyoxal, as stated by Meisenheimer [1912] and by 
Fischer and Taube [1924, 1926.] 
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I. Detection and estimation of dihydroxyacetone in blood. 

It appeared to us to be of importance in connection with the present work 
to develop a method which would enable us to detect and to estimate ap- 
proximately any dihydroxyacetone present in small quantities in blood. In 
this way it seemed that we might be able to obtain information as to the rate 
at which dihydroxyacetone is utilised in the animal body. If this substance 
actually forms one of the intermediates in carbohydrate metabolism it might 
be expected that it would be utilised very rapidly. We believe that we have 
obtained evidence, using the method about to be described, which shows, at 
least, that when injected it disappears from the blood almost immediately. 

Two colour tests for dihydroxyacetone are mentioned in the literature. 
One is the reddish brown colour given by an alkaline solution of sodium 
picrate in the cold, due to the reduction of the picric acid. Compared with 
the colour given by an equal quantity of creatinine, it is found to have only 
two-fifths of the intensity. A method based on this reaction would not be 
very sensitive. 

The other reaction, which appears to be more sensitive and which therefore 
we have adopted as a basis of the present method, is the colour given by 
sulphuric acid and a phenol. A marked coloration is given by 0-10 mg. of 
dihydroxyacetone to which 5 cc. of sulphuric acid containing phenol have 
been added. Further, the colour appears to be a permanent one and it has 
been found possible to make up standard solutions in sealed tubes with which 
the tint corresponding to an unknown may be compared. It is, of course, 
necessary to remove all protein from the blood to be tested and also water. 
On this account methyl alcohol was used as a protein precipitant as this 
could be readily removed in vacuo at a temperature not exceeding 50°. The 
details of the method are as follows. 

Blood (0-4 ec.) is thoroughly shaken up with methyl alcohol (9-6 cc.) and 
allowed to stand for 2 hours. The precipitated proteins are then filtered off. 
The filtrate (5 cc.) is placed in a comparator tube and the methyl alcohol 
completely removed in vacuo at 50°. A solution of phenol in sulphuric acid 
is prepared as follows. Phenol (20 g.) is warmed up with water (1 cc.) until 
it melts and concentrated sulphuric acid is then added slowly with cooling until 
the total volume is 250 cc. This solution possesses a faint pink tinge which, 
however, cannot be observed in the comparator tube. It appears to keep for 
several weeks without deterioration. This solution (5 cc.) is added to the 
comparator tube and the colour, which is fully developed after 2 hours at 
room temperature, is then compared with a series of standard solutions 
prepared as follows. Varying amounts of a methyl alcoholic solution of 
dihydroxyacetone (0-2 %) are introduced into a series of comparator tubes. 
The alcohol is then removed as above, and the phenol-sulphuric acid solution 
(5 cc.) added to each. The tubes are then hermetically sealed. The tints 
appear to be permanent. 

In order to determine whether the method used could safely be applied 
to blood and also to find out whether dihydroxyacetone when added to blood 
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remains unchanged for a short time and is not immediately altered, the 
following experiment was carried out. Varying amounts of dihydroxyacetone 
were added to aliquot portions of human blood and the percentage then 
estimated colorimetrically. The results were as follows: 


Amount added Amount found 


mg. mg. 
0-14 0-14 
0-16 0-16 
0-18 0-18 
0-20 0-18 
0-50 0-50 
1-00 1-00 
1-50 1-50 
2-00 2-00 


As in the normal blood of rabbit, man and cat a coloration is obtained 
corresponding to about 0-065 % of dihydroxyacetone, the tubes in the above 
experiment were balanced in the comparator with one prepared from 0-4 cc. 
of normal blood without addition of dihydroxyacetone. The nature of the 
substance giving this colour is being investigated. 


II. Animal experiments. 


In the following experiments rabbits were injected subcutaneously with 
insulin after preliminary starvation for 24 hours, and they were left untreated 
until complete coma had ensued and there were no signs of spontaneous 
recovery. As many animals recover and relapse repeatedly, it is occasionally 
difficult to judge when this stage has been reached, but in the majority of 
instances this is not so. In this respect five animals which were treated either 
with pyruvic acid or with lactic acid acted as controls. In only one case did 
spontaneous recovery take place. 

The blood-sugar was determined by MacLean’s method in a sample 
usually obtained from the ear, but, on occasions when this was impossible, 
by heart puncture. 

The estimation of dihydroxyacetone was carried out by the method 
described above. In Table I we have given the actual figures obtained without 
subtracting the value corresponding to the colour developed in normal blood. 

The following table sums up the relevant facts. 


Table I. 


Blood- Blood- Blood- 
Dose of Time BlJood- dihydroxy- Time sugar dihydroxy- 
insulin for sugar acetone forre- onre- acetone on 
Weight units coma incoma incoma covery covery recovery 
g. perkg. hours % % Injection. g. per kg. mins. % % Remarks 
2000 20 55 = — Dihydroxyacetone 2 10 - -— Relapse in 2 hrs. 
1215 5 4-0 0-054 — se 4-8 12 0-065 0-20 Rec very complete and 
permanent 
1275 10 55 0-039 -- ‘ 0-75 5 0-042 0-07 Relapse in 2 hrs. 45 mins. 
1167 20 5-0 0-042 0-09 aa 2-60 10 0-06 0-20 Relapse in 1 hour 
1911 30 45 0-056 — i 0-75 10 0-025 0-10 Relapse in 3 hrs. 
1625 10 47 0-022 0-05 = 0-70 7 0-025 0-05 Recovery complete and 
permanent 
(a) 2220 10 4:25 0-027 0:05 Glucose 0-70 7 0-056 0-05 Relapse in 120 mins. 
(b) ditto 15 485 — _ Dihydroxyacetone 0-70 7 -- _- Relapse in 84 mins. 
6 days later 
(a) 1610 15 5-85 — _— 5 0-70 6 — — Relapse in 34 mins. 
(b) 1670 15 3°33 0-032 — Glucose 0-70 3 0-032 -— Relapse in 36 mins. 
1400 15 4:33 0-044 — Dihydroxyacetone 0-70 12 0-025 0-07 Relapse in 48 mins. 
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We have not included in the above table certain striking experiments 
referred to in the discussion in which recovery took place as a result of injection 
of dihydroxyacetone although the animals, which had previously been treated, 
with negative results with other substances such as sodium pyruvate or 
sodium lactate, were at one time in a moribund condition and in fact were 
kept alive by artificial respiration. 

The relapses after treatment, which were frequent, are accounted for by 
the large doses of insulin used and were found to occur under similar con- 
ditions after treatment with glucose. No difficulty was experienced in 
bringing about complete and permanent recovery with a further dose of 
dihydroxyacetone. Altogether 12 rabbits were treated with dihydroxyacetone 
and recovery took place in every case except one in which a large dose of 
sodium citrate (10 g. in 20 cc.) had been previously injected. Death in this 
case was evidently due to oedema of the lungs and alkalosis. 

Similar results have been obtained in an experiment in which twenty 
mice were used instead of rabbits. Here, dihydroxyacetone proved to be 
quite effective in causing rapid recovery from hypoglycaemic convulsions 
and coma. 

These results seem to us to leave no doubt as to the power of dihydroxy- 
acetone to remove the symptoms of insulin hypoglycaemia. 

The practically equal efficiency of dihydroxyacetone and glucose is 
strikingly shown by Exp. 8 in which the animal received a small dose of 
dihydroxyacetone and relapsed in 34 minutes. Three days afterwards, after 
the same dose of insulin, recovery was produced by an equal dose of glucose 
and relapse took place after 36 minutes. 

Similarly in Exp. 7, using 10 units of insulin per kg., relapse occurred 
with glucose in 120 minutes, whilst using 15 units of insulin it occurred in 
84 minutes after a similar dose of dihydroxyacetone. 


Ill. Comparison between rate of utilisation of glucose and of dihydroxyacetone 
by muscle. 

It has been shown elsewhere [ Lambie, 1926] that when the liver is excluded 
from the circulation of a decerebrated and eviscerated cat, there occurs a 
sharp fall in the concentration of the sugar in the circulating blood, and that 
this fall may be counterbalanced, and the blood-sugar level kept approximately 
constant, by the continuous injection of glucose at a uniform rate of about 
0-15 g. per kg. per hour. In the present experiment the technique described 
fully in the above-mentioned communication was used. A cat was decerebrated 
after brief etherisation and artificial respiration applied. Cannulae were 
inserted into each jugular vein and into one carotid artery. After rapid 
evisceration, the portal and renal vessels were ligated so as to exclude the 
liver and kidneys. Glucose transfusion was begun into one of the jugulars, 
while samples of blood were taken from the carotid cannula, 10, 25, and 45 
minutes after commencing the injection. As shown in Table II, the blood- 
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sugar remained at an approximately constant level. The glucose transfusion 
was then stopped and immediately dihydroxyacetone was perfused at the 
same uniform rate through the other jugular cannula. Another sample of 
blood was taken 3 to 4 minutes after the change-over and further samples 
15 and 35 minutes later. During the period with dihydroxyacetone a fall was 
observed in the blood-sugar level. At the same time dihydroxyacetone 
determinations showed that no significant change had taken place in the 
concentration of this substance in the blood. It is clear that the dihydroxy- 
acetone injected was utilised almost immediately and at a much greater rate 
than glucose. It may be mentioned that experiments with other sugars, for 
example laevulose, show that these are not utilised at a greater rate than 
glucose. It is also evident that during the period with dihydroxyacetone, the 
total utilisation of carbohydrate is increased, for not only is the dihydroxy- 
acetone completely used up but also a considerable amount of glucose dis- 
appears. This result cannot be explained on the assumption that dihydroxy- 
acetone was first converted into glucose because in that case no fall in the 
total glucose in the blood would occur. 


Table II. A decerebrated and eviscerated cat was used ; liver excluded from 
circulation and renal vessels ligated. 


Time 

3.0 Glucose transfusion. 0-15 g. per kg. per hour 

3.10 Blood 1 Glucose 0-357 % Dihydroxyacetone 0-065 % 

3.25 — J en 0-354 e 0-065 

3.45 » 3 9» 0-360 > 0-065 
Glucose transfusion stopped and dihydroxyacetone 0-15 g. per kg. per 

hour transfused 

3.50 Blood 4 Glucose 0-355 % Dihydroxyacetone 0-065 % 

4.5 ne s 0-340 i 0-055 

4,25 a 0 2 0-299 Pe 0-075 


Observations on man. 


In order to elucidate the above results the following experiments were 
performed on man. In general they are confirmatory of those of Rabino- 
witch. In the first place estimations were made of the sugar and dihydroxy- 
acetone in the blood of a normal individual after ingestion of 50 g. of 
dihydroxyacetone by the mouth. The blood-sugar curve is given in Table IV. 
For comparison, the curve obtained in the same individual after taking 50 g. 
of glucose is also given in Table III. Only a very slight rise in the reducing 
power of the blood is observed after dihydroxyacetone and this may well be 
accounted for by the formation of small amounts of hexoses in the alkaline 
secretion of the intestine, a suggestion put forward by Rabinowitch who, 
however, definitely attributed the rise to glucose. It is difficult, however, to 
exclude the possibility that other hexoses may be formed under these con- 
ditions, and the slight increase in the reducing power of the urine after ingestion 
of dihydroxyacetone may be partly due to the presence of such hexoses. 

Table V indicates the blood-sugar curve of a diabetic man after ingestion 
of 50 g. of dihydroxyacetone. The rise in blood-sugar is much smaller than 
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would be observed after taking a similar amount of glucose and it is quite 


clear from this curve and similar ones given by 


tabinowitch that rapid 


conversion into glucose in the blood-stream or in the tissues and organs does 
not take place. The small rise may well be due, again, to formation of hexoses 
in the intestine and, naturally, since this subject was diabetic, the resulting 
rise in the blood-sugar is rather greater than in a normal individual. 


Table III. Curves of sugar and dihydroxyacetone in blood of normal man 
after ingestion of 50 g. of glucose. 


Time 


9.55 a.m. 


(before 
10.0 


glucose) 
a.m. 


(glucose taken 50 g.) 
10.30 a.m. 


11.0 


a.m, 


11.30 a.m. 


12.0 


noon 


12.30 p.m. 


Blood-sugar % 


0-110 
0-160 


0-160 
0-126 
0-094 
0-082 
0-091 


Blood-dihydroxy- 
acetone % 
0-06 


0-065 


0-065 
0-060 
0-060 
0-060 
0-065 


Table IV. Curves of sugar and dihydroxyacetone in blood and reducing 
power of urine, after ingestion of 50 g. of dihydroxyacetone by a normal man. 


Time 
9.55 
10-0 
10.30 
11.0 
11.30 
12.0 
12.30 


Blood-sugar % 


0-106 


Blood-dihydroxy- 


(50 g. dihydroxyacetone) 


0-114 
0-098 
0-102 
0-106 
0-111 


Oo 


acetone “% 


0-065 


0-070 
0-075 
0-085 
0-075 
0-080 


Urine sugar % 
0-048 


0-132 
0-171 
0-145 


0-145 


The reducing power of the urine was determined by Benedict and Oster- 


berg’s method for sugar in normal urine. 
The urine, after dihydroxyacetone, gave no reduction with Fehling’s 
solution in the cold, but slight reduction occurred on heating. 


Table V. Curve of blood sugar in diabetic after 50 g. dihydroxyacetone 


Time 
9.55 
10.0 
10.30 
11.0 
11.30 
12.0 


by mouth. 


Blood-sugar % 


50 g. dihydroxyacetone 


0-183 


0-218 
0-180 
0-175 
0-180 


A further indication that dihydroxyacetone is not converted rapidly into 
glucose by the tissues is furnished by the fact that this subject, after ad- 


ministration of dihydroxyacetone, excreted no sugar detectable by Fehling’s 


test in the 24 hours’ urine. 





~ 
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Another diabetic gave the following results. 

A. B., a pregnant female diabetic on a constant diet of 2000 calories and 
20 units of insulin, was excreting 1 g. glucose per diem and acetone. With 
15 units insulin she excreted approximately 10g. glucose. With 20 units 
insulin plus 30 g. dihydroxyacetone the urine contained no acetone, and the 
sugar excretion did not exceed 2 g. Further investigations are being carried 
out on the utilisation and antiketogenic action of dihydroxyacetone from a 
quantitative point of view. Owing to the fluctuation in tolerance of individuals 
it is very difficult to obtain conclusive results. 


DIscussIOoN. 

In reviewing the results of the above experiments, it is convenient to 
consider each group separately in the first place and to discuss the possible 
explanations of the phenomena observed. In the case of the experiments on 
rabbits and mice, three possible explanations of the recovery from hypo- 
glycaemic coma under dihydroxyacetone suggest themselves. The dihydroxy- 
acetone might be condensed into glucose in the animal body and the glucose 
so formed would relieve the symptoms just as glucose does when injected as 
such. This view is made feasible by the observation that dihydroxyacetone 
is converted into glucose when perfused through the glycogen-poor liver 
[Embden, Schmitz, and Wittenberg, 1914], and that it causes an increased 
excretion of glucose in the phloridzinised dog [Ringer and Frankel, 1914]. 
Moreover, it has been suggested by Macleod that those sugars relieve insulin 
hypoglycaemia which are readily convertible into glucose, e.g. mannose, 
fructose, and possibly maltose. 

There are, however, several difficulties to be considered with regard to this 
view. In the first place, the action of dihydroxyacetone on hypoglycaemic 
rabbits and mice appears to be as rapid as that of glucose and the quantities 
required to relieve the symptoms are approximately the same, namely 0-7 g. 
per kg. under the conditions of the above experiments. 

If, then, this explanation were the correct one, it would imply an almost 
quantitative and very rapid conversion of dihydroxyacetone into glucose by 
the animal organism. This would mean that the blood-sugar would always 
be raised as it is after an injection of glucose. In three cases, however (Exps. 
5,6 and 9), it may be observed that recovery occurred when the blood-sugar 
was as low as 0-025 %, whereas, after the administration of glucose the blood- 
sugar is practically always at or above the convulsion-level of 0-04 %. Only 
in one case was it below this, namely in Exp. 8, when the reading of blood- 
sugar was 0-032 %. Naturally the variability of the convulsion-level in 
different animals and the experimental error in the sugar determinations have 
to be taken into account. In some cases where very large doses of dihydroxy- 
acetone had been injected the apparent blood-sugar level rose to 0-065 %. 
In these cases, however, a correction has to be made as the concentration 
of dihydroxyacetone present in the blood, namely 0-135 %, which is the 0-2 % 
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found, minus 0-065, is itself sufficient to cause considerable reduction. In 
fact, it has been found that this concentration of dihydroxyacetone gives, 
by MacLean’s method, reductions corresponding roughly to 0-03 °% of glucose. 
When this is subtracted from the value obtained (0-06 %), the actual con- 
centration of glucose in the blood is found to be 0-035 % and therefore no 
great emphasis can be laid on the apparent high value obtained. 

It appears, therefore, that recovery with dihydroxyacetone usually occurs 
when the blood-sugar is at a lower level than that at which convulsions occur 
or that at which recovery takes place after the administration of glucose. 

The next explanation that may be offered of the action of dihydroxyacetone 
is that it may be used directly. This possibility is particularly attractive in 
view of the experiments of Wind [1925], who has demonstrated the remarkable 
ease with which dihydroxyacetone is oxidised in neutral phosphate solution 
by gaseous oxygen, and this marked tendency to be oxidised is also illustrated 
by the rapid reduction of permanganate at 37° and py 7:3. 

The remaining possibility is that dihydroxyacetone is condensed or other- 
wise changed into some particularly reactive sugar, which is also formed from 
glucose in the ordinary course of metabolism. It is, of course, difficult to 
exclude this explanation, but until definite evidence for the existence of such 
a compound is forthcoming it seems best to enquire how far the simpler 
hypothesis of direct oxidation will explain the facts. 

The experiment on the cat shows how dihydroxyacetone is immediately 
removed from the circulating blood, and this at once excludes the hypothesis 
that dihydroxyacetone is rapidly converted into glucose in such a preparation, 
otherwise the blood sugar would remain level. Even the possibility that it 
might be converted into glucose in the cells seems improbable, otherwise the 
blood-sugar would remain level in the above experiments. 

Taking this experiment alone, the disappearance of dihydroxyacetone 
might be explained as being due merely to its rapid diffusion into cells without 
utilisation; but this would not, of course, explain the permanent recovery 
obtained with rabbits and mice in which direct utilisation or conversion into 
glucose must take place. Here again, the hypothesis that it is rapidly oxidised 
seems the most feasible. 

The experiments on man appear to show clearly that in the intact in- 
dividual dihydroxyacetone is not rapidly and quantitatively converted into 
glucose. If it were, one would expect the blood-sugar curve in the normal 
individual after ingestion of 50 g. of dihydroxyacetone to be very similar to 
that after an equal amount of glucose. Again, if it were converted into glucose 
it should cause a marked excretion of sugar and a marked rise in the con- 
centration of sugar in the blood in diabetes. Such a result could of course 
be explained on the assumption that the liver can store dihydroxyacetone 
more readily than it can glucose. But this hypothesis does not explain the 
results of the experiment with the cat in which the liver was excluded from 
the circulation. The possibility cannot, however, be excluded that, particularly 
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in a normal individual, rapid storage may take place. But it is difficult to 
agree that this would occur readily in the diabetic, as the formation of 
glucose would be the first step in the synthesis of glycogen, and glucose does 
not form glycogen in the diabetic. 

On reviewing all the results, it is seen that although special explanations 
might apply to each separate set of experiments, yet all the phenomena are 
readily explained on the simple assumption that dihydroxyacetone is very 
easily and possibly directly oxidised and utilised by the animal organism. 
This simple hypothesis, we think, explains all the facts. 

Any dogmatic conclusion would at present be premature. Further ex- 
periments with other intermediary metabolites might confirm the rough 
hypothesis above formulated and these are being carried out together with 
quantitative observations upon the utilisation and antiketogenic power of 
dihydroxyacetone. 

In conclusion, reference may be made to a paper which has recently 
appeared and which has just come to our notice. In this paper Campbell 
[1926] describes a method for the estimation of dihydroxyacetone in blood 
and applies the method to the determination of dihydroxyacetone in the 
blood after the ingestion of 100 g. of the substance. During the first half hour 
a rapid rise in the blood-dihydroxyacetone from 0-0 to 0-07 °4 was found and 
this was followed by a rapid drop. The blood-sugar simultaneously rose 
during the first half hour but after that it usually showed a definite fall. 
This seems to support the view that the disappearance of dihydroxyacetone 
from the blood is not due to its conversion into glucose, as in that case one 
would expect some indication of a rise in the glucose concentration rather 
than a fall. The fact that Campbell does obtain a rise in the blood-dihydroxy- 
acetone after the ingestion of dihydroxyacetone is not necessarily inconsistent 
with our results as Campbell used double the quantity, namely 100g. as 
compared with the 50 g. that we have used. In some of our experiments with 
rabbits, where very large quantities of dihydroxyacetone were injected, a 
marked rise occurred in the concentration of the substance in the blood. 
Naturally, although dihydroxyacetone is utilised rapidly by the tissues, there 
is a limit to the rate at which utilisation can take place. The very small 
rises in blood-sugar which Campbell obtained after ingestion of 100 g. glucose 


are worthy of remark. 


SUMMARY. 


1. Dihydroxyacetone is able to cause recovery of rabbits and mice from 
the symptoms of insulin hypoglycaemia, the amount and time required for its 
action being approximately the same as in the case of glucose. 

2. Dihydroxyacetone is more rapidly removed from the blood stream by 
the muscles than is glucose or laevulose, and unless excessive amounts are 
given the removal is practically complete. 
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3. This apparently ready utilisation of dihydroxyacetone by the tissues 
is also observed in certain diabetic individuals. 


t, The facts accord with the hypothesis that dihydroxyacetone is directly 
utilisable by the normal animal organism and need not first be converted 


into glucose. 
5. A method is given for the detection and estimation of dihydroxyacetone 
in small amounts of blood. 


We desire to express our thanks to Mr W. Leiper for carrying out the blood 
sugar determinations in connection with this research and to the Department 
of Scientific and Industrial Research for a personal grant to one of us 
(R. H.8.). 
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Havine regard to the wide variation in the vitamin A activity of different 
cod-liver oils, it is a matter of practical importance to find the most ready 
means of assessing their relative activity. The long period of time occupied 
in carrying out the biological test renders this method not only tedious and. 
expensive, but impractical from the point of view of industrial establishments 
requiring to accept or reject oils under conditions allowing at most one or 
two weeks for a decision. 

There is already good evidence that the well-known colour tests described 
by various workers, notably by Rosenheim and Drummond, may be expected 
ultimately to form a basis for a satisfactory chemical method of determining 
the vitamin value with great rapidity and approximate accuracy. All oils 
received in our laboratories for some time past have been submitted to these 
tests, in the first instance to the sulphuric acid test, and later to the trichloro- 
acetic acid and arsenic trichloride tests of Rosenheim and Drummond. 
Biological tests have been applied to some of these oils. 

We were naturally led, therefore, to make experiments with a view to 
improving the technique of the colour tests in order to find conditions whereby 
quantitative and strictly comparable readings may be obtained. This work 
has resulted in our utilising for the purpose yet another reagent of a similar 
character, namely, a solution of antimony trichloride in chloroform. By its 
use we have been enabled to determine standard conditions whereby direct 
readings of the intensity of the colour may be taken with the help of a tinto- 
meter. By following the conditions laid down observations made by different 
workers at different times show only unimportant differences. 

While we do not claim to give proof that the colour observed is a direct 
measure of vitamin activity, so far as our results go they do afford strong 
support for this view, which was first put forward by Rosenheim and Drum- 
mond. Before such relationship can be proved a large number of oils must 
be tested by both the biological method and the colour test. We are only 
able to record the comparison of the methods on two samples, which Dr 
S. W. F. Underhill has submitted to biological test on rats, following the 


technique of Drummond and Watson [1922]. 
33—2 
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The present communication is made prematurely in the hope that it will 
induce other workers to join in the effort to prove or disprove the parallelism 
between the colour tests and vitamin A activity. 

The principles we have had before us throughout the work are: 

(1) that the test should be quantitative, that is to say: 
(a) the quantity of oil taken must be accurately measured; 
(b) the amount of reagent employed must be measured; 
(c) the colour must be measured by comparison with a standard: 
(2) that the colour produced should last for a sufficient length of time 
to enable an accurate observation to be made. 

Judged from these points of view, arsenic trichloride is a fairly satisfactory 
agent, excepting that it cannot be diluted with chloroform or with any solvent 
we have been able to find, without a marked loss of sensitiveness. The great 
advantage of using a solvent is that the oil to be tested may be dissolved in it 
and delivered from a burette, and that the reagent may be similarly treated. 
The handling of liquid arsenic trichloride is, moreover, objectionable for 
reasons which will be obvious to all. 

At first, the trichloroacetic acid test promised good results, but having 
occasion to change our laboratory stock of it for a supply of freshly manu- 
factured material, we were puzzled to find that only the faintest colour was 
produced. Further enquiry showed that the colour-producing agent was 
present in the impure fractions of trichloroacetic acid and entirely absent 
from trichloroacetic acid which had been carefully fractionated and then 
recrystallised three times from benzene and three times from light petroleum. 
It is interesting to note that minute additions of phosgene and of dimethyl 
sulphate will render this pure trichloroacetic acid an effective reagent. We 
also observed that trichloroacetic acid is decomposed by heat into HCl, CO 
and COCI,, thus accounting for the presence of COCI, in commercial samples 
of the acid; CCl,. COOH = COCI,+ CO-+ HCl. The colour given with impure 
trichloroacetic acid, however, rapidly changes, and we were therefore led to 
examine a number of other reagents, including those which have already been 
reported upon by other workers. The new ones of chief interest are the 
following. 

(1) Antimony trichloride in chloroform gives a brilliant blue not undergoing 
perceptible change for three minutes. 

(2) Stannic chloride in chloroform gives a deep blue colour rapidly changing 
to purple. 

(3) Anhydrous ferric chloride, added to a solution of oil in chloroform, 
produces a fluorescent reddish violet colour. Owing to the difficulty of 
keeping it absolutely anhydrous, this reagent does not give uniform results. 

(4) Anhydrous aluminium chloride, added in the form of fine powder to 
the oil, produces a red-violet, colour fading to brown. 

If the oil be dissolved in chloroform containing phosgene or dry hydro- 
chloric acid gas, and a minute trace of aluminium chloride added, a fine 
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purple colour is produced very like that given by trichloroacetic acid, and of 
about the same duration. Without the COCI, the colour is red with very little 
blue, and fades more quickly. 

(5) Silicon tetrachloride, added to cod-liver oil, gives a rose-pink colour; 
the reaction is not very sensitive but is not given with cholesterol. 

(6) Phosphorus oxychloride added to the oil produces a transient blue 
rapidly fading to red. 

The colour produced in all these reactions consists in the main of blue 
with varying proportions of red. Rosenheim and Drummond [1925] and 
Takahashi et al. [1925] regard the blue as indicative of vitamin content, and are 
disposed to ignore the red and yellow colours. From preliminary experiments 
on oils of more or less known activity we confirmed this view, but nevertheless 
set out to determine all the colour. 

Since the amount of red, yellow and blue to be measured varies with 
different oils we did not find it very practicable accurately to compare the 
colour with that of standard liquids, such as solutions of aniline dyes or of 
more permanent inorganic compounds, for instance, carbonato-tetrammine 
cobaltic nitrate and ammoniacal copper sulphate, nor can we for the same 
reasons readily use a control cod-liver oil as a standard. We therefore em- 
ployed a Lovibond tintometer in which the comparison is made with standard 
glasses, by which the colours may be exactly matched and numerically 
recorded. Of the reagents mentioned we found a 30 % solution of antimony 
trichloride in chloroform (weight in volume), decidedly the most suitable and 
convenient. Its advantages are: 

(1) the oil and solvent do not need to be perfectly dry or entirely free 
from alcohol. (In many of the tests either water or alcohol interferes with 
the colour.) 

(2) the colour is an intense blue, and slightly more intense and more 
permanent than that produced by arsenic trichloride. It is very much better 
in this respect than the colour produced by any other reagent we have tried. 

(3) it may be depended on to produce the same intensity of colour with 
the same oil on every occasion. 

(4) as compared with arsenic trichloride the reagent is innocuous; it is, 
however, somewhat corrosive to the skin. 

The following are the conditions we have adopted. 

The chloroform employed for dissolving the oil in the antimony trichloride 
is ordinary B.P. chloroform, that is, it contains 2% of alcohol. Antimony 
trichloride is washed with a little chloroform, dried and weighed, then dis- 
solved in chloroform to make a 30 % solution. It is allowed to stand and the 
clear solution decanted and used from a burette. The oil is dissolved in 
chloroform (we make a 20 % solution), and to 0-2 cc. of this solution, delivered 
from a 1 ce. burette, 2.cc. of the antimony trichloride solution are added. 
The liquid is at once transferred to a cell and the colour intensity measured 
against standard glasses in a Lovibond tintometer. 
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The following are the results obtained with four different oils, viewed 


through a depth of 8 mm.: 


Blue Yellow 
No. (1) 9-5 1-1 
9-5 1-1 
9-5 1-0 
9-5 1-1 
No. (2) 3°3 0-6 
3-1 0:8 
2-9 0-6 
3-0 0-7 
3-0 0-6 
No. (3) 4-9 0-7 
5-0 0-4 
5-0 0-8 
No. (4) 3°7 0-9 
3°7 0-9 
3-7 0-9 


Comparing the intensity of blue, the ratios of activity are: 
) 


Nos. (1) and (2): 1 to 3-3 
Nos. (1) and (3): 1 to 2-0 
Nos. (1) and (4): 1 to 2-6 


Taking the ratio of yellow the figures are: 


Nos. (1) and (2 
Nos. (1) and (3 
Nos. (1) and (4 


): ltol- 
): 1 to l- 
): ltol- 


oO 


It should be observed that the amount of yellow rapidly increases and 
therefore must be quickly read. 

The oils (1) and (2) have been tested biologically by Dr 8. W. F. Underhill, 
who reports that he finds that No. (1) is at least three, possibly four or five, 
times as active as No. (2). It will be seen that the ratio of blue observed by 
the antimony chloride colour test, namely 3-3, is in close approximation to 
the result obtained by Dr Underhill, while the ratio of yellow, namely 1-7, 
is much less. Dr Underhill’s report on the biological test of these oils is 


appended. 


NOTE ON THE BIOLOGICAL TEST OF OILS (1) AND (2). 
By SYDNEY WILLIAM FRANK UNDERHILL. 
The technique adopted was that of Drummond and Watson; the oils were 
fed daily to the animals by means of graduated pipettes. 


The results obtained are given in the following table: 


Growth in g. per week 


Daily dose Weeks of ——_-*"——__, 

Oil (mg.) experiment Males Females 
Exp. No. 1 No. (1) 0-9 6 4:1 4:3 

‘ 2-25 6 4:8 4-6 

ob 9-0 6 9-2 (3°9) 
Exp. No. 2 No. (2) 3-0 6 2-0 3-5 

*8 6-5 5 7-6 7-2 
Exp. No, 3 ” 45-0 4 13-4 11-5 
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Comparing equal doses of the two oils, it will be seen that 2-25 mg. of 
No. (1) gave a rate of growth which is two to three times greater than the rate 
given by 3-0 mg. of No. (2) oil in the case of the males, although the ratio 
between them is less in the case of the females. If an attempt be made to 
determine the respective doses which give equal rates of growth, it will be 
observed that 0-9 mg. of No. (1) corresponds to an amount of No. (2) which 
lies between 3-0 mg. and 6-5 mg.; that is, the former is at least three, possibly 
four or five times as active as the latter. 

In view of the fact that deficiency of the anti-rachitic vitamin may be a 
limiting factor in growth experiments [Drummond, Coward and Handy, 1925], 
it is hoped to repeat some of these observations with the modified technique 
recently described by these authors. It may be mentioned, however, that 
estimation of the calcium content of the bones of the experimental animals 
has shown the presence of the anti-rachitic factor in the oils fed. Scrutiny 
of the growth curves gives no indication that the growth observed was due 
to “activation” of vitamin A present in the body under the influence of the 
anti-rachitic factor; moreover, in Exps. | and 2 certain of the animals (not 
included in the table) were given daily doses of irradiated oils [Drummond, 
Rosenheim and Coward, 1925]; no extra growth occurred in response to this 
supplement. 

The above experiments were not commenced in the first instance with a 
view to comparing the oils, and it is realised that a more accurate estimate of 
their relative strengths would be obtained by making the comparison on 
similar groups of rats under the same conditions. Experiments with this 
object have been begun, but the results are not yet available. 
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LXV. THE STONE CELLS OF THE PEAR. 
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In the course of an investigation into the nature of lignocellulose it was 
thought that the curious woody concretions commonly found in the fleshy 
parenchyma of the pear might offer possibly a new type of lignocellulose. 
These structures, termed by de Bary “stone cells,” have long been known 
to botanists and are distributed throughout the whole of the fleshy portions 
of ripe pears, being especially numerous near the core. Each concretion is 
situated in the centre of a radiating mass of elongated cells, which are 
strikingly dissimilar to the rest of the parenchyma. They give all the re- 
actions of a typical lignocellulose with the usual microchemical reagents, such 
as phloroglucinol and hydrochloric acid (bright red) and chlorine and sodium 
sulphite (magenta). 

Erdmann [1867], who first isolated the stone cells, regarded them as 
composed of a substance C,,H5,0,,, to which he gave the name glycodrupose. 
He considered the following reactions to occur on hydrolysis: 

Cy4H5501¢ + 4H,0 =2C,Hy20, + CypH,05 
Glycodrupose —_ Glucose Drupose 

This drupose on fusion with caustic potash gave aromatic derivatives 
including pyrocatechol. On boiling with dilute nitric acid the glycodrupose 
gave rise to “pure” cellulose. These results were repeated by Bente [1875] 
and in general confirmed. 

Cross and Bevan [1895], who also made a brief examination of the material, 
considered the complex to be a lignocellulose closely allied to jute and pointed 
out that the empirical formulae of glycodrupose and jute differ only by one 


atom of oxygen: 
Cy2H,,05 Cy2.H} 0, 
Glycodrupose Jute 


On analysis they obtained the following values for glycodrupose: 


Ash is pe nes se we i» at% 
Cellulose... hore ‘ie ws ~ ... 26-34 
Furfural ... oe sis si re se 18-0 
Loss on boiling with 12 % HCl... seh .. 530 


In the absence of other information we have examined the material of 
the stone cells in the light of modern methods of analysis. The technique in 
general employed was that elaborated by Dore [1920] for the investigation of 
hard and soft woods and in Table I a comparison is given of the values 
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obtained by Dore for a hard wood (oak) and for a soft wood (Sequoia 
sempervirens, Redwood) with the values similarly obtained by us for the stone 
cells isolated in the manner to be described. The cells were obtained as pale 
brown, very hard, spherical masses resembling millet seed. The yield from 
88 lb. of pears was 97g. or 0:3°%. The ash content, 0-6 %, was low, the 
natural moisture was 7-76 %. The analytical figures given have been cal- 
culated in each case on the original weight of material dried at 100°. 


Table I. Composition of typical woods and the stone cells. 





Quercus Stone Sequoia 
agrifolia cells sempervirens 
(Hard wood) (Glycodrupose) (Soft wood) 
Extracted by benzene <oe 0-52 0-23 0-34 
alcohol ses 4-52 0-38 4-39 
water bas 3°82 0-00 0-00 
5% NaOH ... 19-53 12-20 3-45* 
Cellulose ae Pes eas 47-48 57-18 54:83 
Lignin ... éze ‘as ena 21-14 20-00 34-50 
Mannan pea mee ies 0-00 4-62 3°17 
Galactan ro male Bi 1-55 0-00 0-49 
98-56 94-61 101-17 
Natural moisture 4-20 7:76 11-62 


* Estimated as soluble pentosan. 

There was no water extract in the case of the stone cells as they had already 
been boiled with water in the course of isolation. The cellulose figure is almost 
certainly low owing to the drastic chlorination treatment necessary to remove 
lignin. To confirm the value obtained, the cellulose was also estimated by 
the method of Cross and Bevan, but again four chlormations were necessary 
before a lignin-free product was obtained. The following values calculated as 


percentages of dry material were found by this method: 


Loss with boiling 1 % NaOH (5 minutes) se «6=— 1428 Y 
Cellulose ; is = 54-82 
HCl formed during chlorination si ... 11-56 

The true value for the cellulose is most probably 60 % accounting partly 


for the deficiency of the total constituents from 100%. It contained 73 % 


of a-cellulose (insoluble in 17-5 % NaOH) and 27 % of f- and y-cellulose. 
It will be noted that the alcohol extract, stated by Mehta [1925] to be “free 
lignin,” is very low compared with that of either soft or hard wood. In its high 
alkali-soluble fraction and small lignin content the wood of the stone cells 
resembles a hard wood. On the other hand, in its percentage of cellulose and 
mannan it resembles rather the soft woods. As the growth period is very 
short it is interesting to find so close a resemblance in composition to that of 
the mature forest woods. 


Distribution of the furfural-yielding components. 
The furfural values obtained for the stone cells are compared below with 
those given by Dore for soft and hard woods respectively. The numbers 
given are percentages of each particular fraction. No methylfurfural was found. 
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Table II. Percentage furfural content of the constituents 
of wood and stone cells, 


Sequoia Stone Quercus 
sempervirens cells agrifolia 
(a) Untreated material is eee 5-84 21-05 12:00 % 
(6) Solvent-extracted mate rial a= 5-71 21-23 6-83 
(c) After treatment with 5 % Ni: aOH _- 13-61 6-50 
) In the cellulose ... ven 2-52 20-03 6-11 
(e) In the chlorination liquors a — —_ 1:10 


It will be seen that both the stone cells and the cellulose isolated from them 
yield an unusually high amount of furfural. By combining the values given 
in Tables I and II, we can calculate that 

100 parts of the stone cells yielding 21-2 

(a) 88 parts insoluble in alkali, which ooniiaitate 11-97 parts of furfural; 

(b) 12 parts soluble in alkali, which contribute 9-26 parts of furfural. 

The alkali-soluble furfuroid (b) therefore gives 77 % of its weight of 
furfural. Of the 88 parts insoluble in alkali 60 are cellulose, 20 lignin and the 
remainder mannan, etc. The whole of the furfural-yielding complex in this 
insoluble portion is combined with cellulose, since direct estimation shows 
that the cellulose yields 20 °% of furfural, so that 60 parts would contribute 
12 parts of furfural, in good agreement with the 11-97 calculated under (a) 
above. Further, the cellulose contains 27 °% of B-cellulose, and if, as is usual, 
the f-cellulose is the source of the furfural the f-cellulose must be capable of 
yielding 74 °% of furfural. 

It follows from these values that the stone cells contain two furfuroid 
complexes, one of which is readily removable by caustic soda, while the other 


3 parts of furfural consist of: 


remains firmly attached to the a-cellulose. 

The fraction (b) is of the nature of a hemicellulose and owing to the large 
yield of furfural obtained from it no doubt consists partly of pentosan, but 
in the light of the work of Nanji, Paton and Ling [1925], who have shown that 
“uronic” acids of the type of galacturonic acid are widely distributed in the 
plant world, the presence of these furfural-yielding substances is not excluded. 
“Uronic” acids do not give a quantitative yield of furfural on decarboxylation, 
but the carbon dioxide evolved is an exact measure of their amount. In a 
qualitative experiment on the alkali-soluble fraction from the stone cells we 
found a considerable evolution of carbon dioxide, so that “uronic” acids are 
present, as well as pentosan, in this hemicellulose constituent. 

The composition of the stone cells may therefore be given as follows: 





Extractives and ash Bs bag a ee 1-20 % 
Mannan ... ja ane te 4-62 
Furfuroid vibe 3 in NaOH eee re ..» 12-00* 
Lignin ins 20-00 
B-Cellulose ... 16-207 


a-Cellulose ... 


* Yielding 77 % of furfural, 


43-80 


+ Yielding 74 % of furfural. 
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EXPERIMENTAL. 


The complete separation of the concretions from adherent parenchyma 
proved very difficult and after a number of attempts it was found best to 
allow the pears to rot. The method worked out finally was as follows. 

(i) Ripe Pears. The core and skin were carefully removed and the clean 
pieces were passed twice through a mincing machine. The mass thus produced 
was allowed to rot in a large dish (4-5 days). 

(ii) Rotten Pears. The contents of rotten pears cleaned from skin and core 
were placed in an enamel-lined bucket in which they were stirred and pulped 
with a wooden rod. The ensuing treatment was the same for (i) and (ii). 

The mass was boiled for 3-4 hours with a large volume of water with 
constant stirring. After straining through muslin the pulp was covered with 
glacial acetic acid. The acid and pulp were well mixed by vigorous stirring, 
diluted with twice their volume of water and again boiled for 3-4 hours. The 
pulp was washed by decantation, the process being repeated till the water 
was no longer milky. The pulp was now transferred to a bottle in small 
quantities at a time, covered with 6-8 times its own bulk of water and well 
shaken. The crude “glycodrupose” sank to the bottom, while the upper layer 
of liquid containing parenchyma was poured away. 

When a considerable quantity of the glycodrupose had been obtained, 
further purification was effected by filtering at the pump and drying at 100°. 
The mass was then ground up in a mortar and shaken with cold water in a 
bottle. The process of drying, grinding and shaking was repeated several 
times till the concretions were free from parenchyma. 

It was found best to employ a common variety of cooking pear obtained 
trom France, rather than a “table” variety, which contains a smaller quantity 
of the concretions. 

Iignin. The lignin was estimated by the method of Willstitter. The 
glycodrupose was treated for 12 hours with hydrochloric acid (sp. gr. = 1-2), the 
whole was then poured into water, filtered and washed. There was still a 
small quantity of cellulose present and the material was again treated with 
the acid for 2 hours, diluted with water, filtered and washed free from acid 


with hot water. 
SUMMARY. 


(i) The stone cells of the pear are a lignified cellulose resembling in 
composition the forest woods rather than the annual lignocelluloses such 
as jute. 

(ii) They consist as to 80 % of a lignocellulose, which contains 60 parts 
of cellulose and 20 parts of lignin. The-cellulose contains 73 °% of a-cellulose 
and 27 % of B-cellulose, which latter yields 74 °% of its weight of furfural. 

(iii) The remaining 20 % consists of extractives 1-2 %, mannan 4-62 %, 
and an alkali-soluble furfuroid 12%, which yields 77 % of its weight of 
furfural, and contains “uronic” acids. 
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LXVI. STUDIES ON THE KINETICS 
OF HAEMOLYTIC SYSTEMS, I. 


By ERIC PONDER. 
From the Department of Physiology, Edinburgh University. 


(Received April 19th, 1926.) 


By a method fully described elsewhere [1926] it is possible to express 
the resistance of many haemolytic systems, as compared with many others, 
in terms of an easily determined constant R, together with a small additional 
constant &. This method has already been shown to be applicable to haemo- 
lytic systems containing acids, certain bases, a large number of the sugars, 
and many neutral salts—all substances which either accelerate or inhibit 
saponin or bile salt haemolysis [Ponder and Kennedy, 1926; Kennedy, 1926]. 
The method is very general, and in this paper we shall apply it to three 
problems in the kinetics of haemolytic systems: (1) to the measurement of 
the resistance of the cells of different individuals to lysis, (2) to the measure- 
ment of the resistance of the cells of different animals to lysis, and (3) to the 
effect of varying the strength of the cell suspension in haemolytic experiments. 
The first two problems are of frequent occurrence and often referred to in 
the literature; the third is of first importance in connection with the theory 
of the kinetics of these simple haemolytic systems. 


1. THE RESISTANCE OF THE CELLS OF DIFFERENT INDIVIDUALS. 


In order to find the variation in the resistance to saponin lysis of the cells 
of normal persons, the cells of fifty different persons were examined, the 
procedure being in every case as follows. From an arm vein about 2 cc. of 
blood is withdrawn into sufficient oxalate to prevent coagulation. Of this, 
1 ce. is carefully measured into four centrifuge tubes, each containing about 
10 ce. of 1-5 % sodium citrate. The tubes are centrifuged, the supernatant 
fluid pipetted off, and the cells washed twice with 0-85 % NaCl. After the 
last washing, the fluid is removed, and the cells suspended in 20 cc. of 0-85 °% 
NaCl. This constitutes the suspension for the experiments. If one can work 
rapidly, it is possible to withdraw the blood without the use of oxalate and 
then to distribute the 1 cc. into the four tubes. This alternative procedure 
gives the same result as that involving the use of an anti-coagulant, and is in 
some respects preferable. An arbitrary standard suspension is also prepared 
in exactly the same way. In this series of experiments the standard was made 
from the blood of the investigator. The time-dilution curves for saponin 
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acting at 25° on the suspension to be examined, and also on the standard 
suspension, are then plotted in the usual way. To these curves is then applied 
the method of analysis previously described [Ponder, 1926], and c, plotted 
against c,. The result is always a straight line passing, as nearly as can be 
judged, through the origin. Its equation is c, = Rc,, where R measures the 
resistance of the suspension examined in terms of that of the standard. The 
method is very simple in practice, although perhaps a little difficult to grasp 
at first, and has the advantage that it gives the relative resistances of the 
two suspensions for all dilutions of lysin, and not for one arbitrarily selected 
dilution, as do other methods. 

In the following table is shown the number of cases in which values of R, 
ranging from 0-8 to 1-15, were found. It may be noted that if R is less than 1, 
the resistance of the suspension to which it refers is less than that of the 
standard, while if R is greater than 1 the resistance is greater in that pro- 
portion; when R = 1, the suspension is identical with the standard. 


Value of R No. of cases Value of R No. of cases 


0-80 1 1-00 13 
0-85 3 1-05 9 
0-90 7 1-10 2 
0-95 14 1-15 1 


Fig. 1. 


When plotted, these results give a frequency polygon as in Fig. 1. The 
polygon is roughly symmetrical, with a mean in the groups R = 0-95, R = 1-0. 
From this may be deduced that the arbitrary standard is one of approximately 
average resistance, and that the cells of normal persons vary little in re- 
sistance from this standard. Pickering and Taylor [1923], it should be noted, 
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have observed certain variations in the resistance of normal cells to saponin; 
these variations, according to them, appear to be small, although it is difficult 
to interpret their results in strictly quantitative terms. 

The possibility of the variations being dependent on variations in the 
number of cells in the suspensions will at once suggest itself. In order to deal 
with this point, we have made red cell counts in a number of samples of 
blood, for the cells of which the resistance constant R was known. Below are 
reproduced ten of the results as examples. 


Value of R Cell count per mm.* Value of R Cell count per mm. 
1-0 4,880,000 0-95 5,200,000 
1-0 5,330,000 0-95 4,750,000 
1-15 5,200,000 0-9 5,220,000 
1-05 4,900,000 0-85 5,150,000 
1-1 5,000,000 0-85 5,800,000 


The explanation of the different resistances of the suspensions clearly does 
not lie in the mere cell content. 


2. THE RESISTANCE OF THE CELLS OF DIFFERENT ANIMALS. 


The cell suspensions were prepared as in the previous section, each sus- 
pension containing the cells, thrice washed, for 1 cc. of blood of the particular 
animal concerned, and suspended in 20 cc. of 0-85 °% NaCl. The standard 
with which they were compared was a similarly prepared suspension of 
human cells. In each case a red cell count was carried out on the whole blood. 
Time-dilution curves were constructed for each suspension in the usual way, 
and thereafter analysed. The plotting of c, against c, in these cases gives a 
straight line which does not pass through the origin, but which makes an 
intercept on one or the other axis; the expression for this line is c, = R (¢, — kh), 
where RF is the resistance constant, and & a small empirical constant. 

The significant figures for several animals are given below. 


Cat cells Rabbit cells Ox cells Pig cells Sheep cells 

sat Ce q C, G Ce a C3 G Ce 

‘a or = Noe a eo gee sae Sor ie a > 
0-33 0-083 0-040 0-10 0-5 0-066 0-066 0-055 0-5 0-057 
0-20 0-055 0-025 0-056 0-4 0-053 0-05 0-042 0-4 0-047 
0-13 0-042 0-020 0-042 0-33 0-043 0-04 0-034 0-33 0-039 

0-10 0-034 0-016 0-032 
R=4:5 R=0-35 R=80 R 


1 
k =0-012 k = -0-013 k = —0-003 k ' 


2 R=9-0 
0 k =0-002 


In order of resistance, as compared with human cells, the cells of these 
animals, therefore, are: rabbit, 0-35; man, 1-0; pig, 1-2; cat, 4-5; ox, 8-0; and 
sheep, 9-0. This is the order in which they are placed by Ryvosh [1907], 
whose results are thus confirmed and amplified by the relative resistances 
being expressed as figures. 

In the case of the suspension of each animal, red cell counts were carried 
out. The following table expresses the results, together with a calculated 
figure showing the relative surface of the suspension in each case. 
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Animal Cells per mm.° Relative surface 
Rabbit 5,780,000 5:37 
Man 5,100,000 6-06 
Pig 5,460,000 3°49 
Cat 6,076,000 3°39 
Ox 5,990,000 3°95 
Sheep 9,041,000 3°79 


It is plain that the resistance is not entirely, or even greatly, dependent 
on the red cell count, or on what is proportional, the number of cells in the 
suspension. The relative surface in the case of man and the rabbit is somewhat 
larger than that in the cases of the other animals; this fact will be commented 
upon later, and is noted here as being of importance. 

It must be borne in mind that the accuracy with which the necessary 
curves can be obtained in an experiment such as this is considerably less than 
in the experiments of Section 1. This is principally due to the fact that much 
greater concentrations of lysin have to be used for such cells as those of the 
ox and sheep, and that the errors, which appear in milligrams, are corre- 
spondingly greater, but it is also due to some extent to the end-points for 
certain of the suspensions being peculiarly bad. 


3. THE EFFECT OF VARYING THE STRENGTH OF CELL SUSPENSION. 


It might be, and indeed generally is, assumed that if the strength of a cell 
suspension be doubled, the effect of a haemolysin upon it is halved. Such an 
assumption is perfectly reasonable, and is merely an expression of the ele- 
mentary facts of velocity equations; in the nomenclature of this paper, it 
would lead to the result that an increase in the strength of a cell suspension 
would be accompanied by a proportional increase in R, the resistance constant. 
If, for example, the strength of a suspension giving R = 1 were doubled, the 
suspension of double strength would give R = 2. This may be put to the test 
of experiment. 

From an arm vein 4 cc. of blood is withdrawn and distributed into four 
centrifuge tubes containing citrate; the cells are washed thrice with 0-85 % 
NaCl. They are then washed with a small quantity of saline into a 10 cc. 
flask, and saline added to the 10 cc. mark. This suspension, diluted eight 
times, is approximately of the same strength as the standard usually employed, 
and is used as a standard for the experiment; by suitable dilution other 
suspensions can be made, four times as strong as the standard, twice as 
strong, one-half as strong, or one-quarter as strong, as well as the standard 
itself. Time-dilution curves for saponin acting on each of these suspensions 
at 25° are plotted in the usual way. The only point necessary to note is that 
the end-points become somewhat difficult to determine for suspensions 
stronger than four times the standard, and weaker than one-third the standard. 

The results are most easily summarised in Fig. 2, in which the time- 
dilution curves for various strengths of suspension are shown. It will be noticed 
at once that the strength of suspension makes comparatively little difference 
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to the time taken by any dilution of lysin to complete haemolysis; taking, 
for example, the dilution 1 in 50,000, the standard suspension is haemolysed 
in 3-2 minutes, a suspension one-quarter the strength of the standard in 2-2 
minutes, and a suspension four times as strong as the standard in 8-5 minutes. 
These differences are surprisingly small. 


5 ; Asympfotes 

Lysin1 in 10-0222 

90,000 [0-0237 

oe 

80,000 tt = - 

“1/5 ©0285 

70,000 «22.61 (Standard) (2° 978° 

a ee 

60,000 pe jo,0S60 
Oe | 


50,000 
40,000 
30,000 
20,000 


10,000 





1 2 38 4 5 6 7 8 QMins. 
Fig. 2. 


The unexpected nature of the result becomes even more apparent when 
we inspect the position of the asymptotes to which the various curves approach. 
These positions can be determined with a considerable degree of accuracy by 
mere inspection, especially if care be taken to make observations on those 
parts of the curves which are rapidly receding to the right. The positions of 
the various asymptotes for the different suspensions of this experiment are 
shown in the following table; coo is the concentration of lysin at which the 
time for complete haemolysis becomes infinite. 


Suspension com- Position of asymptote 


pared to standard as value of coo 
4 0-0350 
2 0-0285 
1 (standard) 0-0255 
4 0-0237 
4 0-0222 


If we were to apply to these curves the equation given by Arrhenius for 
haemolysis—an equation which is the well-known monomolecular formula 
for chemical reactions—we should have the positions of the asymptotes as 
values of x in the expression 

kt = log 
in which fk is a velocity constant, ¢ the time for complete lysis, and ¢ the 
initial concentration of lysin. In such an expression, x, given by the position 
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of the asymptote, would indicate the amount of lysin used up by the cells 
in their haemolysis. We should then be confronted with the experimental 
finding that twice the number of cells use up, not twice the amount of lysin, 
but a very much smaller quantity; taking, for example, the suspensions 
one-quarter and one-half, the ratio is 1-07, and not 2-0. In view of this finding, 
we are entitled to conclude that the description of haemolysis by simple 
monomolecular formulae is an erroneous proceeding, for it leads to a result 
which, in terms of simple reactions, is inexplicable and at variance with 
experience. So far as we can find, any theory of the action of the simple 
lysins hitherto put forward breaks down on this point. 


C, 
ne = =4 74 
oe, R s 
J 
O-O9F : x 
j P 
a / 7 Standard 


0-08 I we ie R=1 





0°01 0°02 0°03 0:04 0°05 0-06 0°07 0-08 0-09 
Fig. 3. 


The result of plotting c, against c, in this experiment is interesting. Taking 
the suspension of quarter-strength as the new standard, we proceed as pre- 
viously described [1926]. The result is shown in Fig. 3, in which the points 
for the suspension of half the strength of the experimental standard are 
omitted, as the figure otherwise becomes too crowded. The plotting results 
in what appear to be very good straight lines, each of which, if produced, 
cuts the ¢,-axis; probably these lines are really flat curves, but the experi- 
mental range prevents an investigation of their upper extremities. Each line 
comes to a stop at a point the coordinates of which represent the positions 
of the asymptotes, the c, coordinate giving the position of the asymptote of 
the standard, and the c, coordinate giving the position of the asymptote of 
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the suspension which is being compared with the standard. The lines extend 
upwards to infinity. 

These lines obtained by an analysis of the experimental findings may be 
compared with the three lines (dotted) on the left of the figure, which are 
those which would result from this analysis if the simple monomolecular 
equation applied to the haemolytic phenomena. The divergence of the dotted 
lines from those obtained by experiment is very striking, and indicates the 
complete failure of the monomolecular formula to describe the results. 

One additional point may be added. If suspensions stronger than four 
times the experimental standard be used, the end-points become very in- 
distinct, but nevertheless it may be observed that the delay in haemolysis 
becomes more noticeable, and may, in the case of suspensions about ten times 
the strength of the standard, become very great indeed in the dilutions of 
lysin which lie within the ordinary experimental range. If, on the other hand, 
suspensions less than one-quarter of the standard are used, it will be observed 
that lysis takes much longer to occur than might be expected, and that, if 
the suspension be diluted until its addition gives but a trace of cloudiness in 
the tubes containing the lysin, the haemolysis of these few cells takes almost 
as long as does the haemolysis of a suspension of one-quarter the strength of 
the standard. It appears, indeed, that such a suspension provides a kind of 
limiting case, and that suspensions more dilute are haemolysed in no shorter 
a time. We state these points somewhat vaguely, because exact measurement 
is impossible. 

It will, of course, be understood that this experiment is typical of a large 
number carried out; there is no difficulty in obtaining the general result, and 
nothing but the lack of suitable quantitative methods can have prevented it 
having been described before. Nor is the general result obtained with saponin 
alone, for it can be obtained either with the soaps, with alkalis or with sodium 
taurocholate as a lysin—indeed, with any simple lysin for which it is possible 
to construct accurate time-dilution curves. In its general nature it is not 
dependent on the species of cell used in the suspensions, nor would one expect 
it to be. 

These results are obviously of first importance in connection with the 
theory of the action of the simple haemolysins, and may be used as a 
crucial test of any hypothesis put forward to explain this action. Failure of 
a theory to account for them in a rational way we should take to dismiss that 
theory from further consideration; any hypothesis which would lead to their 
theoretical establishment would, on the other hand, derive a very strong 
support from the fact. 


SUMMARY. 


1. The difference of resistance of the cells of normal persons to saponin 
haemolysis is studied, and it is shown, by quantitative methods, that the 
differences are small. 

34—2 
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2. A method is described for studying the relative resistances of the cells 
of different animals. Quantitative results are obtained, confirming the 
findings of Ryvosh. 

3. The effect of varying the strength of cell suspension in haemolytic 
experiments is studied in detail. The results show that the monomolecular 
formula is inapplicable to haemolysis by the simple haemolysins, for very 


unexpected relations are found. 


This research was carried out under a grant from the Royal Society. 
I have to thank Mr K. N. Flint for carrying out the many red cell counts. 
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LXVII. THE VITAMINS (A, B, AND C) OF PAPAYA. 


By CAREY D. MILLER. 
From the Household Science Laboratory, University of Hawaii, Honolulu. 


(Received April 20th, 1926.) 


THE papaya (Carica Papaya L.) is an important fruit in many tropical 
countries. In the Hawaiian Islands, the papaya, pineapple and banana are 
the fresh fruits locally grown which are available the year round. Papaya is 
easily grown, is a cheap fruit and is used in large quantities by all economic 
classes. 

Since the experiments here reported were begun, the vitamins of papaya 
have been reported on elsewhere. Acuiia [1923] from the Philippines reported 
on the vitamin B content, but his work is difficult to evaluate as the rats 
weighed from 160 to 200 g. when feeding of papaya was begun. The age of 
the animals is not stated. The amounts of papaya fed varied, being increased 
at irregular intervals from 1 to 40 g. Six rats are reported as being used. 

Donath [1925] fed an exclusive rice diet to rats, supplementing it with 
some Indian food stufis to determine their vitamin A content. The abstract 
gave no indication of the number of rats used. One g. of papaya was said to 
cure xerophthalmia caused by the rice diet. 

Embrey [1923], reporting on the antiscorbutic vitamin of some oriental 
fruits and vegetables, fed 10 g. of raw papaya daily to four guinea-pigs. Two 
pigs died in 53 weeks, two others lived 9 weeks. 

The percentage composition of papaya in Hawaii according to available 
data [Report, 1914] is: 

Water Fat Protein Carbohydrate Crude fibre Ash 

86-51 0-105 0-488 10-6 0-66 0-76 


The papaya is an important source of papain, a proteolytic enzyme. 


VITAMIN A. 


The following basal diet was used: 


Meat residue ales ays ay ot 20% 
Starch eas sei oe is bn 53 
Yeast (Fleischmann, dry) ie me 3 
Fat (Crisco) a ra des ee 20 
Salt mixture? ees ov nes sii + 


1 Prepared as directed by Osborne, Wakeman and Ferry [1919]. 
2 Prepared as directed by Osborne and Mendel [1919]. 
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Young rats weaned at 28 or 29 days were placed on this diet. When the 
weights of the animals had declined, usually in about 4 weeks, the feeding 
of a weighed amount of fresh papaya daily was begun. Five g. were fed to 
four rats, 10 g. to four rats, 15 g. to two rats and 20g. to six rats. One 
female fed for a period of 21 weeks produced a litter of 3 which died. A second 
female fed 16 weeks, produced two litters of 5 and 7 each. The second litter 
of 7 were alive and active, but stunted, at the end of 4 weeks when they were 
killed. The results are summarised in Table I. 


Table I. Showing results of feeding papaya for vitamin A. 


Weight of Initial Weight when Weight at 
fresh papaya weight papaya feeding end of 
fed daily of rat was begun experiment Period fed 
Rat No. g. g. g ge weeks 
179 3 5 58 83 128 8 
isl 5 56 70 111 8 
185 5 50 60 111 8 
1862 ~ 5 48 57 98 8 
183 2 10 51 59 105 8 
184 ° 10 50 58 101 8 
180 3 10 57 69 154 8 
182 ¢ 10 52 73 145 8 
195 3 15 43 71 175 8 
196 2 15 43 65 145 8 
21892 20 57 83 182 14 
220 2 20 47 72 161 14 
194 J 20 53 82 198 16 
197 ¢ 20 42 78 155 16 
2173 20 61 85 260 21 
219 ¢ 20 56 89 216 21 


Ordinarily two rats were kept in a cage and records of food consumption 
of basal diet were made for the two. The rats were separated each day when 
the papaya was fed. The mothers of all experimental rats used were fed with 
Sherman’s stock diet of one-third whole milk powder, two-thirds whole 
ground wheat, and salt equal to 1 % of the weight of the wheat. 


VITAMIN B. 


The following basal diet was used: 


Meat residue? ish ie ss di 20% 
Starch bis oF si Pe Sei 6] 
Fat: Butter fat... a Se a 10 
Crisco ae as is 3 5 
Salt mixture? oe ha ws Be 4 


Rats raised as indicated above were placed on this diet at the age of 
28 or 29 days for 2 weeks, when papaya feeding was begun. Five g. of papaya 
were fed to two rats, 10 g. to two rats, 15 g. to two rats, and 20 g. to six rats. 
Almost normal growth was obtained on 20 g. only. The results are summarised 


in Table IT. 


1 Prepared as indicated under vitamin A. 
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Table II. Showing results of feeding papaya for vitamin B. 


Weight of Initial Weight when Weight at 
fresh papaya weight papaya feeding end of 
fed daily of rat was begun experiment Period fed 
Rat No. g. g. g. ge weeks 

204 3 5 66 62 77 9 
206 2 5 64 64 67 9 
205 3 10 59 60 90 9 
207 2 10 61 63 87 9 
208 2 15 59 62 112 11 
209 2 15 58 59 114 11 
212 3 20 64 67 173 10 
214 20 59 64 141 10 
213 3 20 58 64 150 10 
216 20 57 65 125 10 
2102 20 57 61 128 10 
211 20 54 50 23 10 


All rats were kept in wire mesh cages with the bottoms raised one inch 
above the pan to reduce the consumption of faeces to the minimum. 


VITAMIN C. 


Guinea-pigs raised especially for feeding experiments were used. Sherman’s 
recommendation for procedure [Sherman and Smith, 1922] was followed. 
Pigs between 300 and 350 g., 6 to 8 weeks old, were placed on the following 


diet plus fresh alfalfa: 


Whole oats ground as needed... ve bos si 59% 
Skimmed milk powder (Klim) heated in open trays 

at 110° for 2} hours os 58 a oa 30 
Butter fat oe its os we 4 ‘es 10 
Sudium chloride es ac oie Me ‘is l 


When alfalfa is withdrawn, the weights go down, then up, then down 
again at the onset of scurvy. Seven guinea-pigs were fed 5 g. of fresh papaya 
daily. The pigs were all completely protected from scurvy. Their gains in 
weight were remarkable, as shown in Table III. Autopsies showed all the pigs 
to be in excellent condition when killed. One guinea-pig was fed 3 g. of fresh 
papaya daily for 12 weeks and gained as well as those on 5 g. The minimum 
for protection was therefore not discovered. 


Table III. Showing results of feeding papaya for vitamin C. 


Weight of Initial Weight when Weight at 
fresh papaya weight of | papaya feeding end of 
Guinea-pig fed daily guinea-pig was begun experiment Period fed 
No. g. g. g. g. weeks 
733 5 359 347 636 12 
69 3 5 353 320 575 10 
75 3 5 338 312 551 12 
96 2 5 340 358 503 12 
83 3 5 327 312 540 12 
37 3 5 344 371 552 14 
64° 5 301 270 475 14 
813 3 358 330 577 12 
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PIGMENTATION. 


As papaya has a bright orange colour, an attempt was made to identify 
the pigment. The method suggested by Palmer [1922] for the quantitative 
determination of carotene and xanthophyll was used with slight modifications. 
What appeared to be pure carotene crystals were finally obtained but no 
xanthophyll. Further work on the pigments of papaya is needed. 


CONCLUSIONS. 


The papaya is only a fair source of vitamin B, a good source of vitamin A 
and an excellent source of vitamin C. 
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BY AERATION. 
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(Received April 20th, 1926.) 


THE greatest difficulty in the chemical manipulation of the antiscorbutic 
factor is the readiness with which this principle is inactivated by oxidation. 
Not only does this impediment limit the scope of the investigation by vastly 
restricting the choice of methods but it adds greatly to the labours of the 
investigator, since doses have to be prepared daily during the testing period 
of six weeks. Storage of active fractions in bulk under conditions which 
prevent oxidation is not always suitable. It is therefore evident that if the 
activity of the antiscorbutic vitamin lost by oxidation in the process of 
fractionation could be regenerated, it would be of the utmost importance in 
facilitating research in this field of vitamin chemistry, apart from the valuable 
information it would contribute to this elusive problem. 

Our scanty knowledge of the chemistry of the antiscorbutic factor does 
not enable us to follow up the chemical change brought about by oxidation 
in the active solution. On the assumption that the active molecule is directly 
oxidised, it may be supposed either that it is degraded or that it is oxidised 
without disintegration. 

In the latter case there exists the possibility of reactivating the oxidised 
principle by suitable reducing methods. We have therefore studied the effect 
of a few such methods on the antiscorbutic factor inactivated by aeration. 
The choice of methods, as is usual in this work, was restricted by the fact 
that the final preparation had to be suitable for feeding tests on guinea-pigs. 
Attempts were made to reduce the inactivated solutions (a) by hydrogen in 
the presence of platinum black as a catalyst, (b) electrolytically and (ec) by 
nascent hydrogen from acid and metal. 


CATALYTIC REDUCTION BY MEANS OF PLATINUM BLACK AND HYDROGEN. 

The catalyst was prepared by Zdrawkowitch’s method [1876]: 10 cc. of 
a 5 % H,PtCl, solution was added drop by drop to a boiling mixture of 4 ce. 
of 10 % potassium hydroxide and 6 ce. of glycerol. The precipitated platinum 
black was then centrifuged, washed on a glass filter with distilled water until 
the washings were free from chlorine and dried at 55°. 
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The activity of this catalyst was demonstrated in the following experiment. 
15 ec. of benzaldehyde, 10 cc. of absolute alcohol and 0-1 g. of the dried 
platinum black were introduced into a stout bottle of about 150 cc. capacity 
fitted with a ground glass stopper and tap. This bottle was exhausted by a 
vacuum pump to 3 mm. and hydrogen introduced at a pressure of one atmo- 
sphere and shaken up. The washing out with hydrogen in this way was carried 
out three times, after which the bottle was shaken for two hours. When 
opened an absorption of gas was observed. The hydrogen was changed as 
before by exhausting and washing with the gas three times and the reacting 
mixture was then submitted to a further two hours’ shaking. After this it 
was filtered and the filtrate treated with an excess of a saturated aqueous 
solution of sodium bisulphite and with ether. After thorough shaking, the 
ethereal layer was separated, shaken with sodium carbonate, washed with 
water and dried over sodium sulphate. On removing the ethyl alcohol and 
ether a yield of 7 g. of crude benzyl alcohol was obtained, which was free 
from benzaldehyde and which on oxidation with alkaline permanganate yielded 
benzoic acid. 

The hydrogen used for the reduction was obtained from a cylinder and 
passed through a succession of tubes containing a 10 °% solution of lead nitrate, 
silver nitrate solution and solid potassium hydroxide. 

Lemon juice decitrated by the calcium carbonate-alcohol method [Zilva, 
1924] was used as a source for the antiscorbutic factor. This material, although 
not the purest possible to obtain, is moderately free from most of the im- 





purities of the original juice, and presumably contains nothing that could 
interfere with the process of reduction. 

Utilising the observation that the antiscorbutic activity of a neutral 
solution can be destroyed by aspirating air through it at room temperature 
[Zilva, 1922] the decitrated juice was adjusted to approximately py 7-4 and 
air was aspirated through it for about 15 hours by means of a filter pump. 
The py gradually rose to about 8-0 in this process during a few hours and the 
reading then remained stationary. 

The reduction was carried out as in the case of the benzaldehyde described 
above: 0-1 g. of freshly prepared catalyst was used per 100 cc. of juice. No 
perceptible absorption of hydrogen was observed in this case after shaking 
for four hours with an intermediate change of hydrogen. On removing the 
catalyst by filtration the juice was acidified with citric acid. A fresh batch 
was reduced daily and fed to the test guinea-pigs on the day of reduction, 
except during the week-end when a two days’ supply was reduced, a part of 
which was stored in a vacuum. 

Decitrated lemon juice not previously inactivated by aeration was also 
reduced as above in order to demonstrate that the process of reduction had 
no deleterious effect on the activity of the juice. Every batch of lemon juice 
was therefore tested daily (a) after inactivation by aeration; (b) after reduction 
following the inactivation; and (c) after reducing the active decitrated juice 
without aeration. 
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The aerated decitrated juice was tested in daily doses of 1 cc., 3 cc. and 
5 ec., two animals being used on each dose. The reduced aerated juice was 
tested in the same doses, except that three animals were used on the 5 ce. 
dose. The reduced active juice was tested in the same way as the reduced 
aerated juice. All the animals in the first two groups succumbed within four 
weeks of being placed on the scorbutic diet and manifested signs of scurvy 
at the post mortem. All the animals in the third group lived for 57 days, 
after which period they were chloroformed. Only in one animal receiving a 
daily dose of 1-5 ce. slight signs of scurvy were observed. No regeneration of 
the antiscorbutic factor was therefore effected by this reduction. 


* 
ELECTROLYTIC REDUCTION. 


The same source for the antiscorbutic factor and the same method of 
inactivation were employed in this experiment as in the previous one. Pre- 
cautions were taken to prevent the antiscorbutic factor, in the event of re- 
generation, from diffusing from the cathode into the anode compartment and 
thus becoming oxidised. An ordinary porous cell would not have fulfilled this 
condition, and recourse was had to a collodion thimble soaked in 80 °% alcohol 
for 24 hours [ Brown, 1915; Zilva and Miura, 1921; Connell and Zilva, 1924). 
Such a thimble does not permit the passage of the antiscorbutic factor [Zilva 
and Miura, 1921], whilst it does not prevent the flow of the electric current. 

The inactivated decitrated lemon juice was acidified with citric acid to 
the extent of 1 °%% and placed in the collodion thimble. The thimble was then 
introduced into a liquid consisting of a 1 % aqueous citric acid solution in 
which the anode was placed. The cathode consisted of a piece of platinum 
foil of about 1-5 square inches coated with platinum black, and the anode of 
ordinary platinum foil. Two carbon electrodes immersed in tap water were 
introduced into the circuit as an adjustable resistance. These were arranged 
at a distance to yield a current of about 0-5-1-0 ampére from the main direct 
current of the lighting circuit of 200 volts. A glass cooling coil was placed 
inside the electrolytic cell just outside the collodion thimble to prevent any 
appreciable rise in temperature. The solutions were electrolysed for seven 
hours. In order to make sure that the collodion thimbles used in the experi- 
ment were impermeable to the antiscorbutic factor, active decitrated lemon 
juice was dialysed in such thimbles under similar conditions and tested for 
activity. In fact the same thimbles were used on alternate days for electro- 
lysis and dialysis. The active decitrated lemon juice was also submitted to 
electrolysis for seven hours with the object of ascertaining whether the 
electrolytic reduction had any action on the activity of the antiscorbutic 
factor. Four preparations were tested out in this experiment, namely: aerated 
decitrated lemon juice; electrolysed aerated decitrated lemon juice; active 
decitrated lemon juice dialysed for seven hours in a collodion thimble soaked 
in 80 % alcohol for 24 hours; and electrolysed active decitrated lemon juice. 
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Three doses, 7.e. 1-5 ec., 3 cc. and 5 cc. per day with three guinea-pigs for 
each dose were employed in these tests. In the case of the aerated and electro- 
lysed aerated lemon juice these doses were found not to prevent or even delay 
the onset of scurvy. The other two preparations were found to be active, 
although the tests were somewhat marred by the death from unknown causes 
of some of the animals. The protocols of the animals, however, left no doubt 
as to the retention of the antiscorbutic activity by these preparations. Thus 
in the case of electrolysed, active decitrated lemon juice one animal receiving 
a daily dose of 1-5 cc., two receiving a dose of 3 cc. and one receiving a dose 
of 5 ce. survived the usual test period of two months and after being chloro- 
formed showed no signs of scurvy at the post mortem. Similarly, of the 
animals fed on the dialysed juice, one animal on the 1-5 cc. dose survived for 
53 days showing no scorbutic signs at the post mortem. Of the others, two 
animals on the 3 cc. dose and three animals on the 5 cc. dose were chloro- 
formed after two months and were found not to be scorbutic. The animals 
which died during the test from unknown causes did not show any scorbutic 


lesions at the autopsy. 


REDUCTION BY NASCENT HYDROGEN FROM ACID AND METAL. 

In this experiment magnesium filings were introduced into the flask con- 
taining the juice, citric acid was then added gradually and the mixture 
shaken. At the end of the reaction the solution was treated with excess of 
absolute alcohol, filtered, evaporated in a vacuum and made up to the original 
volume of the juice. This preparation had a disturbing effect on the animals 
in spite of the removal of the bulk of magnesium citrate, and it was im- 
possible to judge from the results whether the reduced solution was anti- 


scorbutically active or not. 


CONCLUSIONS AND SUMMARY. 

It is seen from the above experiments that the inactivated solutions 
could not be regenerated by hydrogenation in the presence of platinum black 
as a catalyst and by electrolytic reduction. All reasonable risks of re-inacti- 
vation of the antiscorbutic factor in the case of regeneration were eliminated 
in the technique. It is true that in the hydrogenation experiment the medium 
was slightly on the alkaline side of neutrality, but the reduction took place 
under strictly anaerobic conditions for only four hours. It was previously 
found [Zilva, 1923] that active solutions made N/20 alkaline did not appre- 
ciably deteriorate when kept under anaerobic conditions even for 24 hours. 
It is, therefore, hardly probable that the reaction in this case could have had 
any effect on the antiscorbutic activity, were it regenerated. It is also to be 
pointed out that, in the electrolysis experiment, any dissolved oxygen which 
was generated at the anode and which diffused into the collodion thimble 
would have been at once removed by the hydrogen generated there at the 
cathode. 
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This investigation has by no means exhausted all the reducing methods. 
It is, however, evident that if it is at all possible to regenerate the inactivated 
antiscorbutic factor by reduction, the task is by no means straightforward. 
As already mentioned, the aim of the experiments was to find out whether it 
was possible to regenerate the antiscorbutic activity by ordinary reducing 
methods in order to facilitate the chemical study of the active principle. This 
is evidently not the case, and it is considered that any further efforts in this 
direction at the present stage would not be profitable. 


The authors wish to express their indebtedness to the Medical Research 
Council for whole time grants. 
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LXIX. THE ACTION OF HYPOCHLORITES 
ON AMINO-ACIDS AND PROTEINS. 
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(Received April 22nd, 1926.) 


Dakin [1916] has shown that, if increasing quantities of blood serum are 
added to a constant volume of a solution of hypochlorite, the resulting re- 
duction in available chlorine does not take place quantitatively, but that 
large quantities of serum may destroy less hypochlorite than small quantities. 

In an investigation of the reactions which take place between sodium 
hypochlorite and milk, I have obtained similar anomalous results, and further 
work on the individual constituents of the milk has shown that these results 
are due to the presence of caseinogen. The object of this paper is to bring 
forward certain evidence which points to the nature of the reactions taking 
place, and which indicates the explanation of the anomalous results. 


TECHNIQUE. 

The technique used throughout the experiments was as follows. Varying 
quantities of the protein or amino-acid under investigation were made up to 
such dilutions that, after the addition of the requisite volume of hypochlorite 
solution, the initial available chlorine in each solution was 0-014 °% (0-004 N). 
At definite intervals after the addition of the hypochlorite, the percentage of 
available chlorine remaining in the solution was determined by liberation of 
iodine from an acid solution of potassium iodide, and back-titration with 
thiosulphate. 

From these determinations, the percentage loss in available chlorine, due 
to the interaction of the hypochlorite with the protein or amino-acid under 
investigation, has been calculated: the results have been expressed graphically 
by plotting the concentration of the protein or amino-acid against the per- 
centage of initial available chlorine (7.e. 100 % is equivalent to 0-014 % 
available chlorine). All the experiments were carried out at room tempera- 
ture and the solutions were protected from direct light during the reactions. 


EXPERIMENTS WITH PROTEINS. 

Fig. 1 shows the effect of neutral sodium caseinogenate in reducing the 
strength of the hypochlorite. With the addition of small quantities of casein- 
ogen (up to 0-05 g. per 100 cc.), the available chlorine falls to about one-third 
of its initial value; with larger quantities of the protein, the destruction is less, 
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the available chlorine only falling with 0-2 g. per 100 cc. to one-half of its 
initial value; with still larger quantities destruction again becomes greater, 
until with a concentration of 1-6 g. of caseinogen per 100 cc. there is no longer 
any available chlorine left in the solution. This type of reaction is not specific 
for caseinogen. Fig. 2 shows the corresponding curve obtained with neutral 
gelatin, and demonstrates the general similarity of the two reactions (7.e. 
preliminary fall, secondary rise, secondary fall). The quantitative results are 
however different: whereas with caseinogen the secondary rise reaches only 
50 %, with gelatin it reaches over 80 %; and while the secondary fall with 
caseinogen reaches zero at a concentration of 1-6 °% of the protein, with 
gelatin of an equal concentration the value is still above 50 %. The possible 
significance of these quantitative differences will be referred to later. 
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Fig. 1. Effect of neutral sodium caseinogenate in reducing the available chlorine of a 
solution of hypochlorite (initial available chlorine, 0-014 %). Duration of reaction, 5 hrs. 
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Fig. 2. Effect of neutral gelatin in reducing the available chlorine of a solution of 


hypochlorite (initial available chlorine, 0-014 °%). Duration of reaction, 5 hrs. 
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EXPERIMENTS WITH INDIVIDUAL AMINO-ACIDS. 


It became apparent that, in order to obtain any adequate explanation of 
these results, it would be necessary to work with substances of more simple 
constitution than the proteins. A series of experiments was therefore carried 
out on certain individual amino-acids, using the same technique as that noted 
above. 

At the outset, difficulty was encountered in obtaining consistent results 
owing to the very marked effects produced by differences in the alkalinity of 
the solutions. This point is illustrated in Fig. 3, which shows the effect of 
addition of alkali on the reactions between hypochlorite and alanine. It will 
be seen that, with increasing alkalinity, destruction of the hypochlorite be- 
comes more rapid and more complete. This corresponds with the known fact 
that acidity increases chlorination, and alkalinity oxidation, of substances by 
hypochlorites. Such an explanation does not hold for results obtained in 
neutral and acid solutions, a subject on which further work is in progress. 
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Fig. 3. Effect of solutions of alanine of varying alkalinity in reducing the available chlorine of 
~ a solution of hypochlorite (initial available chlorine, 0-014 %). Duration of reaction, 5 hrs. 

The figures in brackets indicate the normality of NaOH in the 0-1 % solutions of alanine 

which were used to make up the concentrations noted in the figure. 

However, by using slightly alkaline solutions of amino-acids (containing 
1 to 2cc. of N/10 NaOH per 100 cc.), it was found possible to obtain con- 
cordant results. 

In preliminary experiments, the loss in available chlorine caused by various 
quantities of amino-acids was measured after a period of 5 hours: later 
work showed that a complete explanation of the results could only be ob- 
tained by including in the experiments a study of the rate of reaction. Ex- 
periments were therefore carried out in which both the concentration of the 
reacting substances and the time of the reactions were varied. The results of 
these experiments are shown in Figs. 4 to 7. 

Fig. 4 shows the course of the reaction between sodium hypochlorite and 
glycine. If the results obtained after a period of 5 hours are examined, it 
will be seen that the reaction is represented graphically (1) by a straight line 
fall to zero (AB) with 0-0036 % glycine, (2) by a straight line rise to 100 % 
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(BC) with 0-0163 % glycine, and (3) with larger quantities of glycine, by a 


5 
horizontal line remaining at 100 %. 





Percentage of initial available chlorine 
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Fig. 4. Effect of glycine in reducing the available chlorine of a solution of hypochlorite 
(initial available chlorine, 0-014 %). 


Assuming that a fall to zero corresponds to the complete reduction of the 
hypochlorite, and that a rise to 100 °% represents the use of the whole of the 
hypochlorite in chlormation of the glycine (the chloroamino-derivative so 
formed having the property of liberating iodine from potassium iodide), the 
end-points on these curves will correspond to (1) oxidation of the glycine, in 
the ratio of one molecule of glycine to eight atoms of oxygen, and (2) chlorina- 
tion of the glycine in the ratio of one molecule of glycine to two atoms of 


chlorine. 


8 atoms of oxygen 1 





1 molecule of glycine 75 ee 75 ete 
——— = j98 (theoretical), ; (experimental). 
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1 molecule of glycine — 75 . 
“2 atoms of chlorine ~ 70 (theoretical), 
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° (experimental). 
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At point C complete chlorination of the amino-group of the glycine 
therefore takes place, with the formation of dichloroaminoacetic acid. If this 
point is joined to the point of origin (O), the theoretical curve of chlorination 
(CO) is given. Since CB falls below CO, it is apparent that the former is the 
resultant of two reactions, chlorination and oxidation: at B there is complete 
oxidation, at C there is complete chlorination, and at intermediate points the 
two reactions take place in varying proportions. It should be possible to 
calculate from AB and CO the proportions of glycine oxidised and chlorinated 
at any point on BC. The results of these calculations are shown in Table I, 
where it will be seen that the theoretical and experimental figures show 
excellent agreement. 


Bioch. xx 35 
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Table I. Action of sodium hypochlorite on glycine. 


Total quantity 


Total quantity oxidised and 
oxidised and Quantity Quantity chlorinated 
chlorinated oxidised chlorinated (from Curves AB 

(from Curve CB) (from Curve AB) (from Curve CO) and CO) 

(Concentrations in g. of glycine per 100 cc.) 

0:0048 0-0031 0:0016 0-0047 
0-0061 0-0028 0-0032 0-0060 
0-0074 0-0024 0-0048 0-0072 
0-0087 0-0021 0-0065 0-0086 
0-0100 0-0017 0-0080 0-0097 
0-0112 0-0014 0-0096 0-0110 
0-0125 0-0010 0-0113 0-0123 
0-0139 0-0007 0-0130 0-0137 
0-0151 0-0003 0-0146 0-0149 


One other point of importance is apparent from the experiments on 
glycine, namely the very stable nature of the dichloroaminoacetic acid. This 
is shown by the fact that after 10 hours the concentration of available chlorine 
had not fallen below 96 % of its initial value: in this respect glycine differs 
markedly from the other amino-acids which were studied. 
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Fig. 5. Effect of alanine in reducing the available chlorine of a solution of hypochlorite 
(initial available chlorine, 0-014 %). 
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Fig. 5 shows the corresponding curves obtained with alanine. These curves 
exhibit a general similarity to those obtained with glycine, namely a pre- 
liminary fall, followed by a secondary rise, after which the percentage of 
available chlorine remains at a constant level. They differ from those obtained 
with glycine in that (1) the preliminary fall (denoting oxidation) is more rapid 
in its initial stages, but is not carried to completion; (2) the secondary rise 
(denoting chlorination) never actually reaches 100 %, though the shorter tie 
duration of the reaction, the nearer does the curve approach the 100 % line: 
the probable point at which it would meet this line (point C) corresponds 
with the formation of dichloroaminopropionic acid; and (3) the final portions 
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of the curves, beyond point C, fall horizontally at a constant rate: this would 
be expected if the fall in available chlorine in this part of the curves is due 
to the spontaneous decomposition of the dichloroaminopropionic acid, the 
maximum quantity of which is formed at point C. Dichloroaminopropionic 
acid is therefore far less stable than dichloroaminoacetic acid. 

Fig. 6 shows the corresponding curves obtained with cystine. These curves 
again exhibit a general similarity to those obtained with glycine. The reac- 
tions are, in this case, extremely rapid, and the tetrachloroamino-derivative, 
which is formed by chlorination of the cystine, exists for only a very short 
time. The general direction of vg curves indicates that it is undoubtedly 
formed, though as much as 40 % is decomposed within 5 minutes of its 
formation. At the end of 5 hours there is, in fact, no indication that chlorina- 
tion has taken place, since the curve of the reaction falls in a straight line to 
zero, indicating oxidation alone. It is only by a study of the rate of reaction 
that the intermediate formation of di-tetrachloroaminothiopropionic acid is 
indicated. 
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Fig. 6. Effect of cystine in reducing the available chlorine of a solution of hypochlorite 
(initial available chlorine, 0-014 %). 
* Denotes theoretical point of formation of di-tetrachloroaminothiopropionic acid. 


It has been impracticable to make a detailed study of other amino- 
acids, but 5-hour reactions have been carried out with a few of them (Fig. 7). 
The reactions are represented graphically by an initial straight line fall, either 
to a constant level or to a very slowly falling curve, the rate of fall depending 
on the individual amino-acid. Such curves are of the same type as that given 
by alanine at the end of 5 hours’ reaction, and it appears probable that 
intermediate formation of chloroamino-derivatives takes place with these 
amino-acids as it does with alanine. 
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Fig. 7, Effect of various amino-acids in reducing the available chlorine of a solution of 
hypochlorite (initial available chlorine, 0-014 %). 


EXPERIMENTS WITH MIXED AMINO-ACIDS. 

From the work described above, it is possible to select two amino-acids, 
one of which yields a very stable chloroamino-derivative (glycine), and the 
other an unstable chloroamino-derivative (cystine). It was felt that inter- 
esting results might be obtained by a study of the reactions of sodium hypo- 
chlorite with mixtures of these two amino-acids. 
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Fig. 8. Effect of a mixture of seven parts of glycine to three parts of cystine in reducing the 
available chlorine of a solution of hypochlorite (initial available chlorine, 0-014 %). 


Fig. 8 shows the eifects of a mixture of seven parts of glycine to three 
parts of cystine in reducing the available chlorine of a solution of hypo- 
chlorite. At the end of half-an-hour the curve shows the typical preliminary 
fall and secondary rise obtained with individual amino-acids, followed by a 
straight line remaining at a roughly constant level. As the reaction progresses, 
however, this final portion of the curve tends to fall off, until, at the end of 
5 hours, the whole curve approximates to the protein-type referred to at the 
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beginning of the paper (i.e. preliminary fall, secondary rise, secondary fall). 
The secondary fall in the curve is due to a reaction which takes place between _ 
the cystine and the dichloroaminoacetic acid which is formed initially by 
chlorination of the glycine. This reaction may be demonstrated by adding 
quantities of cystine to a solution of dichloroaminoacetic acid, previously 
prepared by the interaction of theoretical quantities of glycine and sodium 
hypochlorite. The results are shown in Fig. 9, and demonstrate the corre- 
spondence of the curves so obtained with those given by the mixture of 
amino-acids. 
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Fig. 9. Effect of cystine in reducing the available chlorine of a solution of dichloroamino- 
acetic acid (initial available chlorine, 0-014 %). 


THE EXPLANATION OF THE ANOMALOUS RESULTS OBTAINED 
WITH PROTEINS. 


To return to the original problem, namely, the explanation of the anoma- 
lous results obtained with proteins, it appears from the above experiments 
that these are due to two factors, (1) the possibility of sodium hypochlorite 
acting either as an oxidising or as a chlorinating agent, and (2) the variable 
stability of the chloroamino-derivatives formed by the latter reaction. 

By taking mixtures of two amino-acids, one of which has a stable, and the 
other an unstable, chloroamino-derivative, it is possible to reproduce the 
protein-type of curve: further, by altering the ratio of the one amino-acid 
to the other, the quantitative nature of the curves may be altered. Fig. 10 
shows the effect of alterations in the proportions of glycine/cystine in causing 
alterations in the resultant curves. As the proportion of glycine/cystine is 
raised, the curves exhibit a higher secondary rise, and a slower secondary fall. 

In this connection it is suggestive that caseinogen contains very little 
glycine and relatively large amounts of cystine, and gives a low secondary 
rise and a quick secondary fall; while gelatin contains large amounts of glycine 
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and only minute quantities of sulphur-containing amino-acids, and gives a 
high secondary rise, and a slow secondary fall. 
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Fig. 10. Effect of mixtures of glycine and cystine in reducing the available chlorine of a 
solution of hypochlorite (initial available chlorine, 0-014 %). 
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THE selective hydrolysis of racemic esters was demonstrated by Dakin [1904], 
but the esters employed by him belonged mainly to the acids and alcohols 
of the aromatic series. Little work has been carried out on the hydrolysis of 
asymmetric aliphatic esters. Dakin’s results, obtained with an extract of 
liver as a source of lipase, have recently been confirmed and extended to the 
action of lipase from various sources by Willstitter and his collaborators. 
It is interesting to find that Willstatter and Memmen [1924] regard pan- 
creatic lipase as having a greater specificity than liver lipase, even when 
both enzymes select the same enantiomorph for hydrolysis. In many of the 
racemic mixtures examined, however, these investigators find that the liver 
lipase hydrolyses a different enantiomorph from that attacked by the pan- 
creatic enzyme. We find that this difference between the actions of liver and 
pancreatic lipase holds when tartaric esters are used as substrates. 

Abderhalden, Sickel and Ueda [1923] have observed preferential hydrolysis 
of /-tyrosine ethy] ester in a racemic mixture. The fact that in racemic leucine 
esters the laevo-component is more easily hydrolysed has been demonstrated 
by Rona and Spiedel [1924] and also by Willstaitter and Memmen [1924]. 
The hydrolysis of this ester is definitely attributed to lipase and not to a 
proteolytic enzyme as claimed by Warburg [1906]. No definite results were 
obtained by Dakin [1905] using aliphatic esters as substrates, owing to 
practical difficulties, coupled with the small rotations of these esters. No 
evidence of asymmetric hydrolysis, by a lipase of cow’s pancreas, of ethyl, 
amyl and capry] esters of dl-lactic acid could be obtained by Murachi [1925]. 

Using an active preparation of pancreatic lipase and maintaining a suitable 
hydrogen ion concentration by the addition of buffer mixtures [Platt and 
Dawson, 1925] we have been able to obtain definite evideace of preferential 
hydrolysis in racemic mixtures of some aliphatic esters. Further, in the case 
of the tartaric esters we have confirmed the results obtained by polari- 
metric measurements by direct comparison of the amounts of hydrolysis of the 
stereoisomers, 
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EXPERIMENTAL. 


The asymmetric derivatives of acetic acid were prepared by the action 
of alkyl halides on sodium malonic ester by the well-known method. It may 
be added that in the case of the p-nitrobenzylethyl derivative, Lellmann and 
Schleich [1887], who first prepared it, failed to obtain the intermediate malonic 
acid derivative. This was obtained by allowing p-nitrobenzylethylmalonic 
ester (12 g.) to stand with an alcoholic solution of potassium hydroxide 
(4-5 g. in 4-5 ec. water and 25 ce. alcohol) in the cold for 10 days. The acid 
which was separated (6 g.) melted at 102—105°, and gave off carbon dioxide 
on heating in vacuo at 130°. The product (5g.) gave the correct melting 
point for p-nitrobenzylethylacetic acid, m.p. 43-45°. The ethyl ester crystal- 
lises in large colourless prisms from light petroleum, m.p. 41-42°. For the 
iso-butyl d- and /-tartrates and the I[-tartaric acid we are indebted to Prof. 
T. S. Patterson of Glasgow University. 

In preliminary tests we found that the hydrolysis occurring in the presence 
of lipase, though often effected with difficulty, was due to the enzyme, except 
in the case of the ethyl tartrates, where part of the hydrolysis was caused by 
the buffer solution alone. The amount of enzyme used for each estimation 
was relatively large, 0-5 g., half being added initially and the remainder at an 


intermediate stage in the reaction period. Phosphate buffer solutions at 
Px 70 were used, of such a concentration (0-05 VM) as to maintain throughout 
the course of hydrolysis a py suitable for the lipase action. The reaction 
mixtures were kept for several days at 37°, except in the case of Exps. 11 
and 14. In the former experiment the ester, p-nitrobenzylethylacetic ethyl 
ester, was kept at 44°, a temperature above its melting point, and in Exp. 14 
the temperature was lowered to 22° in an attempt to minimise the hydrolysis 
of the ethyl racemate by a buffer solution alone. A sample was taken from 
each mixture and the amount of hydrolysis determined by titration with 
standard sodium carbonate solution. The values given in the table are ex- 


Sign of 
Amount Amount Dura- MHydro- rotation 
of of tion of lysis of of un- 
Temp. ester buffer exp. ester changed 
Exp. Ethyl ester of nas ce. days ester 
Methylethylacetic acid 37 85 6 ‘ - 
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pressed as the percentage of the ester hydrolysed. In order to extract the 
unchanged ester, the calculated amount of sodium carbonate solution was 
added and the mixture repeatedly extracted with large volumes of ether. 
The ether was removed and the rotation, if any, of the residual ester in 50 % 
alcohol solution was determined polarimetrically. No figures are given for the 
amounts of rotation as the results have only a qualitative significance. 

It will be seen that the diethyl /-tartrate is more readily hydrolysed than 
the dextro-ester in a racemic mixture. The rate of hydrolysis by lipase of 
diethyl racemate was found to be greater than that of diethyl d-tartrate. To 
prove that this difference is due to the more rapid liberation of /-tartaric acid 
from the racemate, we compared the speeds of hydrolysis of d- and /-diethyl 
tartrates. A typical result (Exp. 16) shows clearly that the ester of the laevo- 
acid is more rapidly hydrolysed. 

Exp. 16. Mixtures were made up in flasks so as to contain 0-5 ce. ester 
(0-6 g. of the 7-tartrate), 25 cc. phosphate buffer solution, py 7-0, and 50 mg. 
of enzyme. These were shaken in an incubator at 37° and the amount of 
hydrolysis at the end of 24 hours was determined by titration. The results 
are expressed in cc. of V/10 NaOH required to neutralise the acid formed and 


are the means of duplicate experiments corrected for the necessary controls. 
Mean titration value 
Substrate (corr.) ce. 

Diethyl ester of d-tartaric acid 1-00 
l-tartaric acid 4-77 
racemic acid 2-89 
” i-tartaric acid 0-63 
The diethyl i-tartrate was hydrolysed at approximately the same rate as 


the ester of d-tartaric acid. 
The same difference between the rates of hydrolysis of stereoisomers was 
also demonstrated with the iso-butyl esters of d- and /-tartaric acids. 
Exp. 17. 0-25 g. of ester used, other conditions as in Exp. 16. 
Mean titration value 
Substrate (corr.) ce. 


iso-Buty] d-tartrate 1-1] 
iso-Buty] /-tartrate 9-10 


” 


The hydrolysis of tartaric esters by liver lipase. 


The enzyme used was obtained as a powder by drying a press-juice from 
ox-liver with acetone and ether. 

Exp. 18. 200 mg. of liver powder were added to 
(a) 0-75 cc. of diethyl tartrate in 25 cc. of phosphate buffer solution, py 7-0. 
(b) 0-1 g. of iso-butyl tartrate in 10 cc. of the same buffer solution. 

These mixtures were incubated for 24 hours and the amount of hydrolysis 


estimated as in Exp. 16. 


Mean titration value 
Substrate (corr.) ce. 
Diethyl d-tartrate 7-45 
Diethyl racemate 4-60 
iso-Butyl d-tartrate 5:3 
iso-Butyl] l-tartrate 4-6 
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Liver lipase, therefore, unlike pancreatic lipase, hydrolyses the esters of 
d-tartaric acid more readily than those of the /-acid. 


We wish to express our thanks to the Royal Society for a grant towards 
the expenses of this research and to the Department of Scientific and Industrial 
Research for a grant which enabled one of us (E.R.D.) to devote his whole 


time to the investigation. 
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[vy a previous communication [1925] we have described the reasons which led 
us to the investigation of the action of ultra-violet light on sterols and brought 
evidence to show that irradiated cholesterol acquires anti-rachitic properties. 
We have since abundantly confirmed this discovery, which was made inde- 
pendently and almost simultaneously by the American investigators, Hess, 
Weinstock and Helman [1925], and Steenbock and Black [1925]. The in- 
vestigation was extended mainly in two directions. After determining the 
best conditions for the maximum activation we made many attempts, up till 
now not entirely successful, to isolate, or at least concentrate, the active 
fraction of irradiated cholesterol. We further subjected a number of suitably 
selected derivatives of cholesterol to irradiation in order to determine which 
of the known molecular groupings of the cholesterol molecule is essential for 
successful activation. 


EXPERIMENTAL. 


Methods. A quartz mercury-vapour lamp (Cooper-Hewitt’s 210 volt, 
3-5 amp.) at a distance of 40 cm. was used. An exceptionally pure specimen 
of cholesterol (m.p. 149° uncorr.), prepared from ox brain by Rosenheim’s 
method [1906], was employed. It had been subjected to repeated treatment 
with alcoholic potash and recrystallised at least twenty times from a variety 
of solvents. In our previous work we irradiated the substance dissolved in 
liquid paraffin and used this solution for feeding experiments. To avoid the 
danger of incomplete absorption from this medium we now irradiate thin 
films of solid cholesterol spread on the inner surface of a spherical quartz 
flask and use its solution in an inactive oil (linseed) for feeding purposes. 
A weighed quantity of cholesterol, not more than 1 g., is dissolved in a little 
anhydrous ether, free from peroxides. It is transferred to a quartz flask of 
400 cc. capacity and the ether removed by a current of air, drawn gently 
through the flask, which is kept rotating horizontally. The solid is left evenly 
distributed as a thin film adhering firmly to the sides. The flask is now 
evacuated and afterwards filled with pure nitrogen, this process being repeated 
several times. When the irradiation was carried out in air, the flask was closed 
so as not to expose the material to the risk of oxidation from ozone produced 
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by the lamp. The neck of the flask is then attached to the axle of a slow- 
running motor, exposing the bulb to the light of two lamps, each being 40 em. 
from the centre of the rotating flask. 

The anti-rachitic activity of the material was tested by feeding expeyi- 
ments on rats, under the licence held by Dr Leonard Hill, F.R.S., to whom 
we are greatly indebted. The well-known low-phosphorus diet No. 84 of 
Sherman and Pappenheimer was used, modified in a slight, but essential 
detail. In our experience, shared by other workers, control rats fed on the 
original diet at times fail unaccountably to develop rickets. This failure to 
give constant controls, which may occasionally invalidate a whole series of 
valuable experiments, was traced to the fat content of the “Patent Flour” 
forming the bulk of the diet. Since the “Patent Flour” itself can be easily 
rendered anti-rachitic by ultra-violet light [Webster and Hill, 1925] and as 
the fat, amounting to 1 % of the flour, contains sitosterol, variable seasonal 
exposures to sunlight of the raw product may account for, the occasional slight 
anti-rachitic activity of the flour. As soon as we commenced to employ a 
fat-free “Patent Flour” the control animals invariably developed rickets in 
a short period on the modified diet. For the removal of the fat we shake 
the flour with an equal volume of ether at room temperature for 15 minutes, 
filter through a Buchner funnel and wash twice with ether. The material is 
then spread in a thin layer on filter paper and left overnight at room tem- 
perature until the ether has completely evaporated. Compared with the 
original flour the product is perfectly white, having lost its “bloom,” whilst 
the ether extract leaves a bright yellow oil. We convinced ourselves by a 
separate experiment that this oil is easily rendered anti-rachitic by short 
exposures to ultra-violet light. 

The material to be tested is not incorporated with the diet, but admin- 
istered daily to each individual rat in a solution of linseed oil, measured by 
means of a Wright’s capillary micro-pipette [Wright and Colebrook, 1921). 

For the diagnosis of rickets we relied on the evidence of the radiograph 
and the estimation of the content of inorganic phosphates in the blood. For 
the preparation of the former the hind limbs and ribs of the animal were 
placed on black paper and photographed with a “soft” X-ray tube. Typical 
photographs are shown (see Plate II). These demonstrate clearly the most 
characteristic radiographic evidence of rickets, i.e. the condition of the epi- 
physeal junction at the knee. 


(1) Optimum conditions for activation. 

We have previously considered the question of dosage [1925] and found 
that 0-2 mg. of irradiated cholesterol per day represents the limit of pro- 
tection against rickets, whilst 4 mg. are completely protective. We have 
therefore chosen a dose of 4-5 mg. for routine purposes and have now at- 
tempted to determine (1) whether the somewhat tedious procedure of irradia- 
tion in a closed flask in nitrogen (or in air) may be replaced by the simpler 
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(3) Diet No. 84 


(1) Diet No. 84: (2) Diet No. 84 
Rickets +5 mg. cholesterol: +5 mg. irradiated cholesterol: 
Rickets Protection 





(4) 1/100 mg. active fraction (5) Control: (6) 0-1 ce. cod-liver oil: 
(non-precipitable by digitonin): Rickets Protection 
Protection 
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direct irradiation in an open dish, and (2) to fix incidentally the optimum 
period necessary for activation. The following table gives a summary of the 
experiments. 


Table I. 


Inorganic 


blood- 
No. of Time Dose phosphate 
Exp. rats hrs. mg. mg. % Radiograph 
Irradiated in nitrogen 1 4 3 5 4-0 Complete protection 
2 5 5 4-5 + 
3 3 40 5 2-7 Partial protection 
Irradiated in air, in closed 4 a 4 5 4-2 Complete protection 
flask 5 4 5 5 33 “7 
6 2 10 4 4-0 9 
Irradiated in open dish 7 4 1 5 4-0 
8 2 10 5 — Rickets 
Controls: 
Diet 84 only 9 6 a — 2-1 a 
Diet 84 + non-irradiated 
cholesterol 10 6 — 5 2-0 i 


Whilst these results show apparently no difference as regards anti-rachitic 
power between irradiation in nitrogen and air (open dish or closed vessel) for 
short periods from }$ to 5 hours, they are strikingly in favour of the closed 
flask during prolonged exposures. A period of 10 hours’ irradiation in air 
under these conditions confers complete protection, whereas the same ex- 
posure in an open dish results in complete inactivity. The destruction of the 
initially formed “activated cholesterol’ cannot be due entirely to the pro- 
longed action of ultra-violet rays, since even after 40 hours’ irradiation in 
nitrogen the material still possesses activity. We suggest tentatively that the 
effect may be due to the destructive action of organic “peroxides” formed 
from sterols by the action of light which is in this instance intensified by ozone. 
These oxidative changes are manifest by the yellow colour and the drop in 
melting point of the various sterols examined by us [1925], whilst they are 
absent in the nitrogen-irradiated material. This fact is also indirectly proved 
by the experiments of Hamano [1925], who found that the action on the 
photographic plate of irradiated cholesterol (now generally explained by the 
presence of hydrogen peroxide) is not demonstrable when the substance has 
been irradiated in a vacuum or in hydrogen. 

As an outcome of this work we have now adopted a period of 1 hour’s 
irradiation for routine purposes, although a much shorter time may be suffi- 
cient. In view of the additional evidence with regard to the instability of the 
air-irradiated material, clearly demonstrated by the fractionation experiments 
to be described later, we carry out the irradiation in an atmosphere of nitrogen. 

Effect of sunlight. The following experiments are of interest in regard to 
the possible relationship of vitamin D to irradiated sterols and its formation 
in nature under the influence of sunlight. 

Cholesterol was spread in a layer of 1 mm. on a glass plate, covered with 
a thin quartz dise and the cell made air-tight with a rubber washer. It was 
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then exposed to daylight from 10 a.m. to 5 p.m. for 30 days during the month 
of July, 1925. During this period there were many days of continuous bright 
sunshine, the total of ultra-violet light units measured by Webster, Hill and 
Eidinow’s method [1924] being 149 units. Under the same conditions a sample 
of cholesterol was exposed in a similar all-glass cell. A third specimen was 
exposed between two glass plates for six months to white light (on sunless 
days to the rays of a carbon arc). Its melting point dropped from 149° to 139°. 

The samples were kept in the laboratory for one month before being tested. 
Two rats, which received 5 mg. each per day of cholesterol exposed to sunlight 
through quartz, were completely protected from rickets, whilst those fed on 
the specimens exposed through glass, as well as the control animals, de- 
veloped typical rickets. 

The failure of a similar experiment performed simultaneously in New York 
and since recorded by Hess, Weinstock and Sherman [1925], was clearly due 
to the admitted lack of sunshine. 


(2) Fractionation experiments. 


Our first attempts to separate an active fraction from irradiated chole- 
sterol were made on both the nitrogen- and air-irradiated material. Since a 
preliminary examination showed that the bulk of this consisted of chemically 
unchanged cholesterol, it was intended to remove this as far as possible by 
recrystallisation from alcohol, thus effecting a possible concentration of the 
active substance in the mother-liquors, which were to be treated subsequently 
with digitonin in order to free them completely from cholesterol. 

(a) Fractionation with alcohol and light petroleum. One g. cholesterol! was 
irradiated in nitrogen for 40 hours, dissolved in 10 cc. hot absolute alcohol 
and allowed to stand at room temperature for 24 hours. The crystals were 
filtered off, washed with alcohol and again recrystallised from 5 ce. alcohol: 
Fraction I. 

The combined mother-liquors were evaporated in vacuo and the remaining 
solids treated with 5 cc. light petroleum at room temperature. The undis- 
solved material was labelled: Fraction II, and the residue from the light 
petroleum extract: Fraction III. This fraction weighed 115 mg. and was 
somewhat yellowish, but consisted mainly oi cholesterol, giving the usual 
colour reactions in a somewhat modified form. The melting points of the 
various fractions did not differ materially from that of the non-irradiated 
substance. 

A second experiment was carried out in precisely the same way, except 
that the cholesterol was irradiated in air (closed flask) for 1 hour. The 
operations were carried out rapidly and with great care, the loss of material 
amounting only to 2%. 


1 The specimen of cholesterol had been subjected to a light petroleum treatment before 
irradiation. 
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The results of the feeding experiments are given in an abbreviated form 
in the following table (Table IT). 


Table II. 


Air (1 hour) Nitrogen (40 hours) 
Control Rickets Rickets 
Fraction I gd tickets* 
- II ee Partial protection 
+ Til as ” 


* The inactive Fraction I was easily reactivated by a subsequent exposure to the lamp. 

The surprismg result of this experiment is not so much that the last 
fractions of the nitrogen-irradiated cholesterol remained active, but the fact 
that the whole of the activity was lost by the same treatment of the air- 
irradiated specimen. The incompleteness of the protection afforded by the 
last fractions in the nitrogen experiment may be partially explained by the 
fact that the original product had already, after 40 hours’ irradiation, lost a 
considerable part of its activity (see Exp. 3, Table I), a fact unknown at the 
commencement of the fractionation. 

(b) Digitonin experiments. One g. cholesterol was irradiated in nitrogen 
for 5 hours. It was subsequently recrystallised from 10 cc. absolute alcohol 
and the mother-liquor evaporated in vacuo at 40° to dryness. The residue 
(0-2120 g.) was dissolved in alcohol and precipitated with an excess of alco- 
holie digitonin solution. The filtrate and washings were evaporated in vacuo 
and the residue treated with pure ether. The ether extract was washed re- 
peatedly with water for the complete removal of digitonin. 

The ether left a yellow resinous solid residue which was unweighable, but 
was judged to weigh less than 1 mg. The amount of cholesterol recovered as 
digitonide was 99-9 %, 7.e. well within the limits of error of the method. 

The experiment was repeated with 5 g. cholesterol with the single modifi 
cation of irradiating the substance for 1 hour in air (closed flask). The fraction 
to be treated with digitonin weighed 0-5355 g. and the amount not precipi- 
tated by digitonin rose to 56-2 mg. = 10-5 %. 

The feeding experiments gave the following results (Table ITI): 


Table III. 
Dose Dose 
mg. Nitrogen mg. Air 
Before fractionation 5 Complete protection 5 Complete protection 
Controls — Rickets — Rickets 
Fraction not precipitated 1/100 Fairly active (1 normal, 0-5 % 
by digitonin 1 mild rickets) 


These results prove that at least a portion of the activity of the nitrogen- 
irradiated material may be recovered by the digitonin process. If we re- 
member that the actual weight of the residue available for feeding purposes 
was less than 1 mg. and that each rat received on the highest estimate 
1/100 mg. of this material per diem, its actual potency is of a high order. 

The completely negative result yielded by the fractionation of the air- 
irradiated cholesterol supplements our previous evidence for the instability 
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of this material and is in agreement with an experiment since published by 
Hess, Weinstock and Sherman [1926], who failed to recover any activity by 
the digitonin method from activated cholesterol (presumably air-irradiated). 

In this connection the analytical figures are of considerable interest, as 
showing that as much as 10 % of air-irradiated cholesterol is not precipitable 
by digitonin, whilst the corresponding figure is less than 0-1 % when the 
irradiation is carried out in nitrogen. Beumer [1925] has also reported a loss 
of 8-9-5 % on precipitating cholesterol, irradiated in air, with digitonin. It 
might further be mentioned that according to Lifschiitz [1914] the amorphous 
oxidation products of cholesterol (“‘oxycholesterol”) are only partially pre- 
cipitated by digitonin. Beumer suggests, without experimental evidence, that 
the non-precipitable fraction represents the active substance, whilst our 
negative results lead us to the contrary suggestion that these clearly oxidative 
products are concerned in the inactivation of the material. 

These experiments emphasise the importance of carrying out the irradia- 
tions in an atmosphere free from oxygen. Further work is necessary to test 
the question whether irradiation of cholesterol in a high vacuum and in the 
absence of even traces of moisture will increase the stability of the active 
product. This question, as well as the selection of the most suitable solvent 
for extraction, is at present engaging our attention. We have accumulated 
evidence indicating that by the use of light petroleum instead of alcohol in 
the fractionation, the loss of activity may be considerably reduced. 

It may be recalled that an unknown amount of vitamin D of cod-liver oil 
escapes precipitation by digitonin. The above result therefore supplies further 
evidence for the suggested identity of irradiated cholesterol and vitamin D. 


(3) Action of ultra-violet light on cholesterol derivatives. 


The following substances were investigated: 

Cholesteryl chloride, C,H,;Cl, prepared from cholesterol and _ thionyl] 
chloride [Diels and Blumberg, 1911]. 

Cholestene, Cy,H4,, the unsaturated hydrocarbon, prepared from cholestery] 
chloride [Mauthner and Suida, 1894}. 

Cholestenone, Cy,H,,0, the ketone of cholesterol, prepared from dibromo- 
cholesterol [Windaus, 1906]. 

Y at py > 
eae hes prepared by the well-known methods. 
Coprosterol, Cy-H,,0, the naturally occurring dihydrocholesterol, prepared 

from dog’s faeces. 

It seemed further of interest to include in this series a typical myco-sterol, 
as a representative of which we chose the highly unsaturated and unstable 
ergosterol, Cy,-H4.O, prepared from ergot. The saturated resin alcohol a-amyrol 
(amyrin) C3>7H;,0 was selected as a representative of the sterols from resins. 
Squalene, Cyy7H;9, the unsaturated hydrocarbon of certain liver-oils was tested, 
since recent work suggests that this substance plays a réle in cholesterol 
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metabolism. Finally, the bile acids, cholalic and desoxycholic acids, possessing 
the same ring system as cholesterol, were also subjected to irradiation. 

The cholesterol derivatives were prepared from cholesterol by the methods 
referred to above, and purified by many recrystallisations. They showed the 
characteristic properties and melting points as described in the literature. We 
were enabled to employ a freshly prepared specimen of ergosterol (M.p. 162° 
[]}:\4, = — 127°) kindly put at our disposal by Dr H. A. D. Jowett. We are 
indebted to Mr J. A. Gardner for a specimen of coprosterol prepared from 
dog’s faeces by Dorée and Gardner [1908], and Mr H. J. Channon kindly 
supplied us with a sample of squalene isolated by him from the liver-oil of 
Spinax niger. Our colleague, Dr P. P. Laidlaw, kindly put at our disposal 
a well-crystallised specimen of a-amyrol prepared by himself from elemi 
resin. 

All these substances were irradiated in an open dish in air for 30 minutes 
and fed to two rats in each experiment. The doses were 5 mg., except in the 
case of the bile acids of which only 2-5 mg. were fed, on account of their possible 
toxicity. Two control animals received 5 mg. of the non-irradiated substance 
and in each case two control rats were fed on the rachitic diet. 

The results need not be given in detail, since with the exception of ergo- 
sterol and the two cholesteryl esters (acetate and palmitate) all the irradiated 
substances were completely inactive. Irradiated ergosterol was found to be 
highly protective even in doses of 1 mg. The activity of the irradiated esters 
was confirmed in a subsequent set of experiments. 

These results enable us to draw conclusions which throw some light on the 
relationship between chemical constitution and anti-rachitic activity induced 
by ultra-violet light. 

(1) Only members of the three groups of “protoplasmic” sterols (sterols 
occurring in animal or plant tissues) can be activated, 7.e. cholesterol (a zoo- 
sterol), sitosterol (a phyto-sterol) and ergosterol (a myco-sterol). 

(2) Coprosterol and amyrol, members of the group of “excretory” sterols 
(meta-sterols of Dorée [1913]) cannot be activated. 

(3) Both the secondary alcohol group and the unsaturated carbon linkage 
contained in the sterol molecule must be intact for successful activation. 

An interesting parallelism may be pointed out in this connection between 
the power to acquire anti-rachitic properties by ultra-violet light and the 
anti-haemolytic properties of sterols [Hausmann, 1905] in relation to their 
chemical constitution. Only the “protoplasmic” sterols share the two pro- 
perties, which are both lost when either the (OH) group is occupied or removed 
(cholesteryl chloride, cholestene, cholestenone) or when the unsaturated bond 
is reduced (coprosterol, dihydrocholesterol, amyrol). The apparent exception 
in the case of the two cholesteryl esters may be explained by the relative ease 
with which these organic acid esters are hydrolysed in comparison with 
cholesteryl chloride. The production of even a trace of free cholesterol under 
the influence of ultra-violet light would account for their activation. 
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The only significance which can be attached to this parallelism consists in 
the suggestion that the same molecular groupings are concerned in both 
instances. 

SUMMARY. 

(1) Cholesterol is rendered anti-rachitic by exposure to sunlight as well 
as to other sources of ultra-violet light. 

(2) By irradiating cholesterol in the absence of oxygen, the stability of the 
“activated” cholesterol is considerably increased. 

(3) An amorphous substance which prevents rickets in rats in doses of 
1/100 mg. per day has been separated from “activated” cholesterol by pre- 
cipitating the cholesterol with digitonin. 

(4) Both the secondary alcohol group and the unsaturated carbon linkage 
of the sterol molecule must be intact for the production of anti-rachitic pro- 


perties by ultra-violet light. 


EXPLANATION OF PLATE Il. 


The large number of radiographs necessary for this work were kindly taken for us in the 
department of Mr J. E. Barnard, F.R.S., to whom we wish to express our best thanks. Nos. 1, 
2 and 3 are typical direct photographs (slightly reduced) taken from experimental animals, whilst 
Nos. 4, 5 and 6 have been enlarged for the purpose of reproduction. 
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Note added Ist June, 1926. We are able to confirm the recent statement of Shears [ Proc. Soc. 
Exp. Biol. Med. 1926, 23, 546] that irradiated cholesterol gives the colour reaction with aniline, 
which he suggested to be characteristic for vitamin D. We found, however, that the reaction is 
negative with cholesterol which had become anti-rachitic by irradiation in nitrogen. On the 
other hand, cholesterol exposed to sunlight through glass for six months, although inactive in 
the animal test, gives an intense aniline reaction. Further, air-irradiated specimens of cholesterol, 
which have lost their anti-rachitic activity on being kept in the dry state for a year, react with 
the same intensity as freshly prepared specimens. These results, as well as other contradictory 
tests on vegetable oils before and after irradiation, prove that the reaction is not specific for 
vitamin D, and suggest that it is due to the formation of organic peroxides. This conclusion is 
confirmed by the fact that inactive olive oil after the addition of a trace of benzoyl peroxide (or 
turpentine) gives the reaction with the same intensity as aerated cod-liver oil. According to our 
experience the phospho-molybdo-tungstic acid reagent of Bezssonoff [Compt. Rend. Acad. Sci. 
(1924), 179, 572] is equally non-specific. 
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LXXII. THE EQUILIBRIUM BETWEEN /-AS- 
PARTIC ACID, FUMARIC ACID AND AMMONIA 
IN PRESENCE OF RESTING BACTERIA. 


By JUDA HIRSCH QUASTEL (1851 Senior Exhibitioner) 
AND BARNET WOOLF. 


From the Biochemical Laboratory, Cambridge. 
(Received April 30th, 1926.) 


Ir is an old observation that when fumaric acid, maleic acid or malic acid 
is heated in the presence of ammonia in a sealed tube to 200° a conversion 
to aspartic acid occurs. There has been no evidence, however, that such a 
conversion can take place under biological conditions. Experiments which will 
be described in this paper show that /-aspartic acid is formed in a solution 
containing sodium fumarate, ammonium chloride and resting bacteria, no 
amino-acid being synthesised in the absence of the bacteria. The yield of 
l-aspartic acid, obtained under certain conditions, has been as high as 60 % 
of the fumaric acid taken. A small amount of aspartic acid is synthesised 
from malic acid but none, under our experimental conditions, from maleic acid. 

The results of experiments on oxidations, etc., in the animal body make 
it highly probable that the production of a-hydroxy-acids from @-amino-acids 
takes place via the a-ketonic acids. It will be shown in this paper, however, 
that aspartic acid in presence of resting bacteria rapidly liberates ammonia 
with the formation of fumaric acid. It is known that the latter slowly gives 
rise to malic acid (in presence of bacteria); hence it follows that aspartic acid 
presents an instance of an @-amino-acid proceeding to the corresponding 
hydroxy-acid via the unsaturated acid. Whether this is true in the animal 
body or with plant tissues still remains to be determined. 

Raistrick [1917] showed that in the case of organisms of the coli-typhosus 
group histidine produces the corresponding unsaturated acid, urocanic acid. 
With aspartic acid, it will be shown, a similar reaction occurs reversibly, the 
following equilibrium being established: 

l-aspartic acid => fumaric acid + ammonia, 
and it is possible to obtain the equilibrium constant of this reaction. It is by 
no means a general phenomenon, however, that an a-amino-acid, in contact 
with B. coli, gives up ammonia to form the corresponding unsaturated acid. 
Under conditions such that aspartic acid readily loses ammonia to form 
fumaric acid, no liberation of ammonia has been observed to occur from 
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glutaminic acid or glycine. The latter amino-acids, doubtless, require oxidation 
before ammonia is set free. 

It has been shown [Quastel and Whetham, 1924] that in presence of 
resting B. coli an equilibrium is established between succinic acid, fumaric 
acid, methylene blue and leucomethylene blue and also between fumaric acid 
and J-malic acid. Malic acid retards the reduction of methylene blue by 
succinic acid in presence of B. coli owing to the production of fumaric acid. 
Aspartic acid also retards the reduction of methylene blue [Quastel and 
Whetham, 1925] and it was this observation that made it seem possible that 
aspartic acid underwent a deamination to fumaric acid. That aspartic acid 
is a hydrogen acceptor has been shown, not only by experiments with methy- 
lene blue, but by Harden’s observation [1901] that it is reduced completely 
to succinic acid in the presence of B. coli growing in a sugar solution and by 
the observation [Quastel and Stephenson, 1925] that it induces the anaerobic 
growth of B. coli upon glycerol, although neither aspartic acid nor glycerol 
alone can support the anaerobic growth of this organism. 

testing B. coli is prepared by growing the organism for two days on 
tryptic broth (in Roux bottles each containing 150 cc.), centrifuging and 
thoroughly washing with normal saline. The organism is made up to a thick 
emulsion and aerated for one hour. It must be used under such conditions 
that growth does not occur—otherwise the reactions it brings about may. be 
due to changes consequent upon proliferation. Such conditions are usually 
easily secured if the experiments are carried out 

(a) anaerobically; 

(6) in a short time—usually under 30 minutes; 

(c) at a relatively high temperature—45° ; 

(d) in the absence of a nutritive source of nitrogen among the substrates 
whose reactions are being investigated; and 

(e) by using, when possible, substrates which are known not to induce 
alone the anaerobic growth of the organism under investigation. 

A mixture of sodium fumarate and ammonium chloride or one of sodium 
aspartate and ammonium chloride does not support the anaerobic growth of 
B. coli [Quastel and Stephenson, 1925], but it is quite possible in our experi- 
ments in the presence of these substances, even under strictly anaerobic con- 
ditions, where a relatively large amount of organism must be used, where 
the time of experiment is relatively long (two to seven days) and where the 
temperature of experiment is an optimum for growth, that a certain amount 
of growth will occur on the protein provided by the dead bacteria present in 
the emulsion of resting organism. Such a growth will mask any equilibrium 
owing to the fumaric or aspartic acid acting as a hydrogen acceptor and being 
converted to succinic acid. Hence the isolation of aspartic acid from fumaric 
acid and ammonia, or of fumaric acid from aspartic acid, is most satisfactorily 
accomplished in the presence of a suitable growth inhibitor, such as toluene 


or 2% propyl alcohol. It will be shown later that these inhibitors do not 
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appreciably affect the velocities at which synthesis of aspartic acid or forma- 
tion of fumaric acid occurs, whilst the formation of succinic acid is almost 
completely inhibited. In the absence of a growth inhibitor, but under 
anaerobic conditions, a synthesis of aspartic acid occurs within a short time 
and isolation may then be accomplished. If the mixture is left for a much 
longer period the aspartic acid disappears and gives rise to succinic acid. The 
most suitable time for isolation can be determined by ammonia estimations 


to be described later. 


Preparation of the stock resting bacteria. 

The crop of B. coli from twelve Roux bottles (7.e. 1800 cc. broth), after 
having been centrifuged, washed and aerated, is made up to 200 cc. with 
normal saline, and this suspension of bacteria kept as a stock preparation of 
the organism. It should be stored in the ice chest and exposed as little as 
possible to room temperature. Although the organism was generally used 
within a fortnight of its preparation, it will retain its activity apparently 


unimpaired for at least two months. 


Isolation of aspartic acid in the absence of toluene. 

One g. fumaric acid was neutralised with sodium hydroxide, mixed with 
2 g. ammonium chloride and made up to 40 cc. with distilled water. To this 
were added 50 cc. phosphate buffer solution (Clark and Lubs) py 7-4, and 
10 ec. of the stock emulsion of B. coli. The mixture was placed in a conical 
filtering flask, which was exhausted at the water-pump, filled with nitrogen 
and re-evacuated. The flask and its contents were then incubated at 37° for 
about 30 hours. After this period the contents of the flask were centrifuged 
and the supernatant liquid evaporated on the water-bath to low bulk. This 
solution was filtered from a little protein matter and the filtrate poured into 
20 cc. of a hot saturated solution of copper sulphate. The mixture was boiled 
vigorously for a quarter to half an hour and filtered from the bulky pre- 
cipitate. The clear deep blue filtrate was allowed to stand in the ice chest 
three days, when the crystallisation of the copper aspartate was complete. 
The latter was filtered off, washed well with cold distilled water, and dried 
in a desiccator over concentrated sulphuric acid. An average yield of 1 g. 
hydrated copper aspartate was obtained in this way from | g. fumaric acid. 
The copper salt was then suspended in boiling water and decomposed with 
H,S. Aspartic acid was obtained from the filtrate in crystals with the charac- 
teristic pearly lustre. 


Isolation of aspartic acid in presence of toluene. 

The advantage of using an inhibitor such as toluene is that there is no 
fear of exceeding the time necessary for the optimum yield of aspartic acid, 
since no reduction to succinic acid occurs. Moreover, slightly better yields 
of the amino-acid are obtained. 
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Three g. fumaric acid were neutralised with sodium hydroxide, mixed 
with 6 g. ammonium chloride, and made up to 125 cc. with distilled water; 
100 cc. phosphate buffer, py 7-4, 25 cc. of the stock suspension of B. coli, 
and 20 ce. toluene were added, and the mixture placed in a flask which was 
exhausted at the water-pump. Incubation was allowed to proceed at 37° 
for five days, after which time the isolation of aspartic acid through the copper 
salt was effected in the manner described above. The yield of hydrated copper 


aspartate was 3-5 g. 


Identification of l-aspartic acid produced by synthesis. 

For analysis of the copper salt, the hydrated copper aspartate obtained 
in the manner described was twice recrystallised from hot water and dried 
to constant weight over concentrated H,SOQ,. 

Found Cu = 25°8; N = 5-53 %. 
Calculated for C,H,O,NCu.3H,O Cu = 25-6; N = 5-63. 

Aspartic acid produced from the copper salt by treatment with H,S gave 
the following analytical figures: 

Found C = 35-4; H = 5-20; N = 10-2 %. 
Calculated for C,H,O,N C = 36-0; H = 5-29; N = 10-5. 

The aspartic acid showed no definite melting point in an open tube, but 
in a closed capillary tube it commenced to melt at 272°. 

0-0402 g. of the synthetic acid required 4-15 cc. of 0-0715 N NaOH for 
neutralisation, which is equivalent to 0-0395 g. aspartic acid. 

0-1860 g. of the acid was dissolved in water, 0-5 cc. concentrated HCl 
added, the solution was made up to 25 cc. and examined polarimetrically 
in a 2dm. tube. The rotation was + 0-41° (for the mercury green) giving 

1 970, 


[a] Wg green = 1 4/ ‘J. 


Isolation of fumaric acid from aspartic acid in presence of toluene. 


Three g. l-aspartic acid were neutralised and made up to 50 cc. with dis- 
tilled water; 175 cc. phosphate buffer solution, py 7-4, 25 cc. of the stock 
suspension of B. coli and 20 cc. toluene were added and the mixture was 
placed in a flask which was exhausted at the water-pump. Incubation was 
allowed to proceed at 37° for five days. The mixture was then made 10 % 
acid with sulphuric acid and thoroughly extracted with ether. The ether 
extract was poured through dry filter paper and evaporated. The residue was 
dissolved in water and to the solution a strong solution of silver nitrate was 
added. A heavy white precipitate of silver fumarate was formed which was 
filtered, washed and decomposed with H,S. A yield of 0-55 g. fumaric acid 


was obtained in this way. 
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Identification of fumaric acid. 


The acid decolorised potassium permanganate solution in the cold and 
was precipitated by silver nitrate from its aqueous solution. 

In an open tube it did not melt at 200° but showed signs of sublimation; 
in a closed capillary tube it melted at 270°, its behaviour being unchanged 
by admixture with an authentic specimen of fumaric acid. 

0-0330 g. of the acid required 7-9 ce. 0-0715 N NaOH for neutralisation, 
which is equivalent to 0-0327 g. fumaric acid. 


Isolation of succinic acid. 

1-3 g. l-aspartic acid was neutralised and made up to 40 cc. with distilled 
water; 50 cc. phosphate buffer solution, py 7-4, and 10 cc. of stock suspension 
of B. coli were added, and incubated in vacuo for a week at 37°, after which 
time the mixture was made 10 °% acid with sulphuric acid and extracted with 
ether. The dried ether extracts gave a crystalline residue of succinic acid, no 
fumaric acid being detectable. 

The succinic acid melted sharply at 187° (uncorr.), its behaviour being 
unaltered by admixture with an authentic specimen of succinic acid. 

0-0185 g. of the acid required 4-30 ce. 0-0715 N NaOH for neutralisation, 
which is equivalent to 0-0181 g. succinic acid. 

The acid had no decolorising effect on potassium permanganate solution. 


THE EQUILIBRIUM BETWEEN /-ASPARTIC ACID, FUMARIC ACID 
AND AMMONIA. 

The must accurate method of determining the course of the reaction between 
fumaric acid and ammonia or of the breakdown of aspartic acid in presence 
of B. coli is to follow the absorption and elimination of ammonia. The 
technique adopted, therefore, consisted in estimating at frequent intervals the 
concentration of ammonia in a mixture which initially consisted of fumaric 
acid, ammonia and B. coli or of aspartic acid and B. coli. From the rates of 
variation of ammonia concentration in the two cases it will be possible to 
determine (1) whether an equilibrium exists between aspartic acid, fumaric 
acid, and ammonia and (2) the conditions affecting such an equilibrium. 

The following stock solutions were prepared: 17/2 sodium fumarate, 1/2 
sodium /-aspartate, MZ ammonium chloride. 

The ammonia was estimated by a modification of the Van Slyke aeration 
method, the aeration being carried out for one hour in a boiling water-bath. 
The apparatus was arranged so that a steady stream of air (freed from 
ammonia by passing through sulphuric acid) could be drawn through the 
reaction tube, which contained the sample whose ammonia was to be esti- 
mated, into a known quantity of standard sulphuric acid contained in a 
250 ce. flask. In the reaction tube were placed, in addition to the sample, 
50 ce. distilled water, and 2 cc. liquid paraffin (to prevent frothing); 3 g. 
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potassium carbonate were then added, the apparatus was immediately con- 
nected up and a stream of air drawn through. After ten minutes the water- 
bath was brought to boiling and the aeration continued for an hour. The 
apparatus was then disconnected and the acid titrated back. 

All control experiments (i.e. fumaric acid and ammonia in absence of 
organism, fumaric acid and organism in absence of ammonia, ammonia and 
organism in absence of fumaric acid, aspartic acid in absence of organism) 
gave negative results. 

Fig. 1 shows typical curves of ammonia absorption by fumaric acid and 
of ammonia elimination by aspartic acid both in the absence and in the 
presence of inhibitors. The results are expressed for convenience in terms of 
molar concentrations. The initial composition of the mixtures used for the 
curves in Fig. 1 are expressed in Table I, the numbers representing cc. 


Table I. 


M/2 M /2 B. coli Buffer 

sodium sodium M/\ 10% Propyl suspen- solution 

Curve aspartate fumarate NH,C! NaNO, Toluene alcohol sion Py 74 
A 20 = -- - = — 5 75 
B oe 20 10 a a — 5 65 
C* 20 — -- - 2 -- 5 75 
D* a 20 10 — 2 - 5 65 
E 20 — — — ~- 2 5 73 
F ous 20 10 om — 2 5 63 
G 20 —_ - 10 — — 5 65 
H — 20 10 10 -- - 5 55 


* The volume of aqueous phase, when toluene was present, was 100 cc. Samples were taken 
for analysis as free as possible from toluene. 


10 
-09 
-08 
-07 


Molar concentration of free ammonia 
oO 
a 
omnia 





0 10 20 30 40 50 60 70 80 90 
Time in hours 


Fig. 1. 


The mixture was placed in a conical filtering flask, 10 cc. were withdrawn 
for an initial ammonia estimation, the flask exhausted and incubated at 37°. 
At suitable intervals further samples of 10 cc. were withdrawn for the esti- 
mation of free ammonia and the flask re-evacuated and re-incubated. About 








CHEMICAL EQUILIBRIUM IN PRESENCE OF BACTERIA 551 


seven or eight ammonia estimations were made for each curve over a period 
of from three to six days. 
Absence of inhibitors. 
The following features are observed with aspartic acid (curve A): 
(1) a relatively rapid liberation of ammonia at first; 
(2) a period during which there is a little more ammonia produced; 
(3) finally, a rapid linear liberation of all the remaining ammonia. 

With fumaric acid (curve B) there are observed: 

(1) a relatively rapid uptake of ammonia at first, followed by 
(2) a long period of slow liberation of ammonia, and finally 
(3) a rapid linear liberation of all the remaining ammonia. 

We have always found this last liberation of ammonia to follow a parallel 
course to the third portion of the aspartic acid curve. With different sus- 
pensions and different strains of organism the relative durations of the three 
periods of each curve vary, but the curves are always of the same general type. 

These features of the curves are readily interpreted by the knowledge 
that in the case of each curve two processes are proceeding simultaneously, 
(1) in the case of curve B, absorption of ammonia to form aspartic acid, and 
a reducing process to form succinic acid and (2), in the case of curve A, elimina- 
tion of ammonia to form fumaric acid and a reduction to succinic acid. 

We suggest that the reduction is due to the growing organism, fumaric 
acid acting as a hydrogen acceptor and thus enabling anaerobic growth to 
occur, and that the aspartic acid-fumaric acid equilibrium is due to the resting 


organism and is independent of growth. 


Effects of inhibitors. 

With certain inhibitors, reduction to succinic acid appears to be practi- 
cally entirely prevented and close approximations to true equilibrium curves 
are obtained. 

The effect of toluene is shown in curves Cand D. The two curves approach 
until they almost meet and then become parallel and rise very slowly, 
showing a very gradual elimination of ammonia. This rise is too slow to be 
shown in the figure. The equilibrium point can be taken to a first approxi- 
mation as being half-way between the points at which the rise in the two 
curves first begins. Some of these values are given in Table II. 


Table II. Equilibrium concentration of ammonia obtained with various inhi- 
bitors and suspensions of B. coli with initial concentrations of M/10 sodium 
fumarate and M/10 ammonium chloride and of M/10 sodium l-aspartate 


(at 37° and pg 7-4). 
4 % 1 % 
20 4%  (,H.OH NaNO, 


05% O7% 10% 


/O i 2 ° 
Inhibitor NaNO, NaNO, NaNO, Toluene C,;H,OH C;H,OH aerobic aerobic 


Molar conc. of og 9.046 985 = .947 «= 087.047 «0-047 (0-046 
NH, at equi- 
librium 


0-046 0-047 
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With a moderate concentration of propyl alcohol (2 °% by volume) the 
curves are indistinguishable from those obtained with toluene as shown in 
Fig. 1, where curves E and F lie so close to curves C and D that they cannot 
be distinguished in the drawing. With 4 % propyl alcohol similar curves are 
obtained. If the concentration of propyl alcohol be increased, however, to 
10 %, synthesis of aspartic acid from fumaric acid or breakdown of aspartic 
acid to fumaric acid is almost entirely inhibited. The output of ammonia 
from aspartic acid in the presence of 10 % propyl alcohol was equivalent to 
6 °% of the aspartic acid after 97 hours’ incubation, and in the same period no 
detectable uptake of ammonia by fumaric acid was observed. 

It was shown by Quastel, Stephenson and Whetham [1925] that resting 
B. coli, in presence of a concentration of sodium nitrite (0-4 °%) which inhibited 
growth, was still capable of activating lactate and nitrate. It seemed possible 
therefore that resting B. coli in presence of a toxic concentration of nitrite 
might still bring about the synthesis of aspartic acid. This proved to be 
correct. A 0-5 °% concentration of sodium nitrite in the initial mixture re- 
sulted in a good synthesis with little or no reduction, although the curves just 
crossed. The effect of a concentration of 1 °/ sodium nitrite is shown in 
Fig. 1, curves G and H. The curves are similar to those with toluene and 
propyl] alcohol but there appears to be a slight retardation in the early period. 
Control experiments, in the absence of organism, showed that nitrite at 
Py 7-4 and 37° had no effect on aspartic acid or on a mixture of fumaric acid 
and ammonia. 

Aerobic experiments. 

With 1 % nitrite and 4 % propyl alcohol the curves obtained under aerobic 

conditions are almost identical with those obtained anaerobically. Table III 


gives results with propyl alcohol. 


Table Ill. Free NH, in molar concentration. 


Initial mixture: M/10 aspartic acid; Initial mixture: M/10 fumaric acid + 








4 % propyl alcohol M/10 ammonia; 4 % propyl alcohol 

Time in ——————_—_ +. . 

hours Anaerobic Aerobic Anaerobic Aerobic 
0 0-001 0-001 0-098 0-101 
9-25 0-021 0-020 0-082 0-083 
24-5 0-032 0-032 0-061 0-060 
33-25 0-035 0-035 0-051 0-053 
52 0-041 0-040 0-049 0-049 
80-5 0-045 0-041 0-050 0-048 


The equilibrium constant. 
If a true equilibrium exists between aspartic acid, fumaric acid and 
ammonia, then, from a knowledge of the constant K given by the equation 
K [fumaric acid] [NH] 

[aspartic acid] ” 
it should be possible to determine the concentrations of ammonia at equili- 
brium with different initial mixtures. This proves to be the case, the calcu- 
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lated and observed readings agreeing satisfactorily (see Table IV). K was 
calculated from the values in Table II. It was found to be 0-04. 


Table IV. 


Initial Initial 
concentration concentration Inhibitor NH, uptake at NH, uptake at 

of sodium of ammonium equilibrium equilibrium 

fumarate chloride observed calculated 
M M M M 
0-1 0-1 All inhibitors, 0-054 0-054 

see Table II 
0-1 0-2 1% NaNO, 0-077 0-075 
0-074 

0-1 0-3 4% C,H.OH 0-082 0-084 
0-1 0-4 1% NaNO, 0-088 0-088 


Effect of resting B. coli on sodium dl-malate and ammonium chloride. 
Since malic acid gives rise to fumaric acid in presence of B. coli, it follows 
that some aspartic acid synthesis should be produced from sodium malate 
and ammonium chloride in presence of this organism. It was shown, however, 
that the velocity of fumaric acid formation from malic acid is slow, so that it 
is to be expected that the velocity of aspartic acid synthesis will also be slow. 
This is found to be the case (see Fig. 2 in which a fumaric acid and an aspartic 
acid curve obtained at the same time with the same organism and under the 
same conditions are included for comparison). The rate of ammonia absorption 

by dl-malic acid proves to be small compared with that by fumaric acid. 





Molar concentration of free ammonia 


0 10 20 30 40 50 60 70 80 90 100 


Time in hours 


Fig. 2. 


Thermolability of the mechanism controlling the aspartic acid-fumaric acid 
equilibrium. Resting B. coli which has been boiled cannot bring about a 
synthesis of aspartic acid from fumaric acid, or a breakdown of aspartic acid 
to fumaric acid. 

Effect of B. coli on glutaconic acid, maleic acid and succinic acid. None 
of these acids absorbs ammonia in presence of B. coli (see Table V), the esti- 
mations being carried out over a long period. 
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Table V. 
NH, uptake NH, output 


Initial mixture, py 7-4 M M 
M/10 glutaconic acid + M/10 NH,Cl 0 — 
M/10 maleic acid + 17/10 NH,Cl 0 — 
M/10 succinic acid + MW/10 NH,Cl 0 — 
M/10 glutaminic acid (toluene) ~ 0-002 
M/10 glycine (toluene) — 0-001 


Maleic acid thus offers still another contrast to fumaric acid. It is inter- 
esting to summarise the differences between fumaric acid and maleic acid 
with regard to B. coll. 

(1) B. coli grows luxuriantly aerobically on sodium fumarate, but slightly 
or not at all on sodium maleate. 

(2) In presence of B. coli, fumaric acid oxidises leucomethylene blue; 
maleic acid has no such effect. 

(3) In presence of B. coli, fumaric acid absorbs ammonia to form aspartic 
acid; maleic acid is inert. 

Effect of B. coli on glutaminic acid and glycine. Anaerobically in the 
presence of toluene and the organism only a trace of ammonia is liberated 


from these amino-acids. 


The mechanism controlling the aspartic acid-fumaric acid equilibrium. 

We have carried out many experiments to elucidate the nature of the 
mechanism or enzyme controlling the aspartic acid-fumaric acid equilibrium. 
At present all we feel justified in stating definitely is that during the time of 
the most rapid synthesis of aspartic acid (7.e. within the first three days), no 
enzyme capable of accomplishing the synthesis can be detected in the cell-free 
medium obtained by filtration through a porcelain candle. 


SUMMARY. 

1. In presence of resting B. coli under anaerobic conditions at py 7:4 
and 37°, l-aspartic acid is synthesised from fumaric acid and ammonia. 

2. The equilibrium 

l-aspartic acid => fumaric acid + ammonia 
is established and the constant of the equilibrium has been found. 

3. The equilibrium is controlled by a thermolabile mechanism. 

4. In the absence of growth inhibitors such as toluene, propyl alcohol and 
sodium nitrite, reduction to succinic acid occurs. In the presence of any of 
these inhibitors no reduction takes place, whilst the equilibrium remains 
unafiected. 

5. In the presence of 1 °% sodium nitrite or 4 °% propyl alcohol, the same 
equilibrium is attained both aerobically and anaerobically; 10 % propyl 
alcohol almost entirely inhibits the reaction. 

6. Under conditions such that aspartic acid liberates ammonia in the 
presence of B. coli, glutaminic acid and glycine are inert. 
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7. Similarly, under conditions such that fumaric acid absorbs ammonia 
in presence of B. coli, glutaconic acid, maleic acid and succinic acid are inert. 
8. Malic acid gives a slight but definite ammonia uptake in presence of 


B. coli. 


It is a pleasure to express our appreciation of the interest taken by 
Sir F. G. Hopkins in this work. 
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LXXIII. STUDIES IN CARBOHYDRATE 
METABOLISM. 


I. THE RELATION BETWEEN OPTICAL ACTIVITY AND 
REDUCING POWER OF NORMAL BLOOD FILTRATES. 


II. A NOTE ON THE INTERACTION OF MUSCLE TISSUE, 
INSULIN AND GLUCOSE. 


By ALAN BRUCE ANDERSON anp ALBERT CARRUTHERS. 
From the Biochemical Laboratory, Cambridge. 


(Received April 30th, 1926.) 


THERE is considerable confusion as to the nature of the sugar in normal blood, 
arising largely out of the fact that workers in this field differ as to the rela- 
tions between optical and reducing power of protein-free blood filtrates. There 
is disagreement, not only in the interpretation of results, but also in the 
actual figures obtained. The experimental procedure adopted may be re- 
sponsible for these discrepancies, Visscher [1926] having shown that different 
protein precipitants give different results. In much of the previous work 
dilute solutions were used and the criticism is made that the error involved 
is probably sufficient to account for the small changes in rotation. Conse- 
quently, a year ago, we endeavoured to secure concentrated ultrafiltrates of 
blood and plasma. The observations which were made showed in all cases 
a much lower value for glucose calculated from the polarimeter readings than 
for those obtained by reduction methods. 

Shortly after this work was done Lundsgaard and Holboll [1925] pub- 
lished a series of papers reporting similar discrepancies in dialysates from 
normal blood, but adding that mutarotation occurred so that after standing 
for 48 hours at room temperature the values were in agreement. 

The dialysates examined by them were not concentrated, and in conse- 
quence the actual readings on the polarimeter and, still more important, the 
changes noted were very small. We therefore thought it advisable to repeat 
their experiments but to modify them slightly by using concentrated solu- 
tions, as in our previous experiments. 

At the very outset it must be mentioned that the procedure we have 
employed could not be applied readily to the study of human blood since 
large quantities (about | litre) are necessary. 
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EXPERIMENTAL. 


Ultrafiltration and dialysis. 


Collodion sacs, made from 6 % pyroxylin in equal parts of alcohol and 
ether and treated with 70 % alcohol, were used in both ultrafiltration and 
dialysis. These sacs were impermeable to protein but freely permeable to 
glucose. Polarimetric observations were made in 2 dm. tubes using a Hilger 
polarimeter adapted for mercury green. All solutions and glass-ware were 
sterilised before use. Polarimeter tubes were made as sterile as possible by 
washing with alcohol-ether and drying in a current of sterile air. Using these 
precautions, solutions could be kept for four or five days in a polarimeter 
tube without showing any signs of bacterial growth. Reducing values were 
determined by the method of Hagedorn and Jensen [1923], these determina- 
tions being made in quadruplicate, except in the case of a few preliminary 
observations, when the method of Wood-Ost was used. 

Blood from sheep, bullock or pig was collected in large glass bottles con- 
taining sufficient oxalate to make a final concentration of 0-2 %, chilled and 
used immediately. All ultrafiltrates and dialysates were concentrated by 
distillation in vacuo in sterile flasks at a temperature of 30-35°. 

For ultrafiltration glass tube adapters were fitted into the collodion sacs 
and the joints sealed with collodion solution. The sacs were filled with blood 
or plasma and then connected to an apparatus containing compressed air, 
and filtration carried out at a pressure of 80-100 mm. Hg. The ultrafiltrate 
was collected in large boiling tubes, the jomts between the boiling tubes and 
adapters being plugged with sterile cotton wool, and the tubes then sur- 
rounded by ice. As many as 12 sacs were used at one time, containing in all 
about 500 cc. After 10-12 hours’ ultrafiltration, 80-100 cc. of filtrate were 
obtained, concentrated in vacuo to a volume of 20-25 cc. and then examined. 
The results of a few experiments on ultrafiltration are given in Table I. 





Table I. Ultrafiltration. 


Percentage glucose 


a 
Calculated Hagedorn 
Exp. from and 
No. Blood Rotation rotation Jensen Wood-Ost Remarks 
1 Pig plasma +0-42° 0-34 0-500 0-512 — 
S Os. +0-54 0-43 = 0-634 = 
3 +s Ps +0-19 0-15 0-225 0-237 Kept for 4 days in 
polarimeter tube; no 
change in rotation 
4 Pig corpuscles -0-15 — == Negligible -- 
(laked) 
5 Ox corpuscles —0-412 — — So small as — 
(laked) to be negli- 
gible 
6 Ox corpuscles — 0-56 — — Very small Kept for 4 days in 
(laked) polarimeter tube; no 


change in rotation 
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It will be observed that Exps. 1, 2 and 3 (Table I) were performed with 
plasma. The figures given show very marked differences between the glucose 
values calculated from the two methods of determination. 

After the plasma had been removed the corpuscles were laked and used 
as well. Exps. 4, 5 and 6 were all performed on laked corpuscles and in 
every case the concentrated solutions were very distinctly laevo-rotatory 
and the reducing power was so very small that it could not be estimated by 
the method of Wood-Ost with any accuracy. 

Owing to the small volume of filtrate obtained, and the length of time 
taken for ultrafiltration, it was decided to adopt the procedure outlined by 
Lundsgaard and Holboll. Briefly the procedure was as follows: whole blood 
or plasma was introduced into collodion sacs, the sacs placed in tubes con- 
taining 30 cc. sterile 0-9 °% NaCl solution for whole blood dialysis, and sterile 
water for plasma dialysis. It was not possible to sterilise the collodion sacs, 
but after filling with blood or plasma they were washed rapidly with sterile 
water. Only freshly prepared sacs were used. The tubes were plugged with 
sterile cotton wool, and the dialysis allowed to proceed for 2 hours at room 
temperature. At the end of this time the dialysates were examined for the 
presence of small amounts of protei, and wherever protein was suspected the 
solution was discarded. The combined dialysates, about 250 cc., were con- 
centrated in vacuo below 37° to about 30 cc. Polarimetric readings and re- 


ductions were then performed on these concentrated solutions. 


Table II. Dialysis. 


% Glucose Acidified solution 





P ee Amount of con- ————— nn, 
Caleu- centrated HCl % Glucose 
lated Rotation in cc. added calculated % Glu- 
Exp. from after to 10ce. from cose by 
no. Blood Rotation rotation Reduction 4 days solution Rotation rotation reduction 
1 Pig whole +0:27° 0-22 0-322 +0-28 — — — — 
blood 
2 Pigplasma +0-31 0-25 0-38 +0:32 15cc. mix- +0:42° 0-34 0-327 
ture at 100° 
for $ hr. 
3 Oxplasma +0-63 0-50 0-617 + 0-63 2-0 ce. +0-62 0-50 0-505 
4 Pigplasma +0-77 0-62 0-700 — Considerable +0°32 0-26 0-21 
dilution with 
water +2 ce. 
acid 
5 Sheep +0-24 0-19 0-27 2-0 ce. +030 0:24 0-22 
plasma 


The results, some of which are given in Table II, show an appreciable 
difference between the glucose values as calculated by the two methods of 
determination. The solutions were allowed to stand for 4 days in a polari- 
meter tube; during this time no alteration in rotation was observed (see 
Exps. 1, 2 and 3). 

In some cases a slight alteration in procedure was adopted. After dialysis 
for 2 hours the sacs were removed from the tubes, and the tubes then plugged 
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with sterile cotton wool and allowed to stand at room temperature for 2 days. 
At the end of this time the dialysates were combined, concentrated and 
examined. Again, however, as Exp. 5 shows, a difference was found between 
polarimetric and reducing values. It seemed possible that concentration im- 
mediately after dialysis might in some way or other interfere with the muta- 
rotation as observed by Lundsgaard and Holboll. On further reference to 
Table II it will be noticed that a second series of results is recorded, namely 
those obtained after treatment with HCl. 

At first it was thought that possibly the differences between the figures 
for glucose were due to the presence of some glucose complex which could be 
broken down on hydrolysis. In Exp. 2 is recorded the result of heating, for 
half an hour at 100° under reflux, 10 cc. of the solution with 1-5 ee. cone. HCl. 
It will be observed that the polarimetric value increased so that there was now 
good agreement between the results of polarimetric and reduction determina- 
tions. It was then thought advisable to try the action of making acid, without 
heating. The original concentrates were quite alkaline, having a py 8-0-9-0, 
and it was noticed that owing to the large amount of bicarbonates present a 
considerable quantity of acid was necessary to make the solution acid. It was 
found that 2 cc. of conc. acid added to 10 cc. of concentrate was adequate to 
effect a large change in py. Examination of the acid solutions then showed 
that the polarimetric values had increased so that there was now fairly good 
agreement between the concentration of glucose as calculated from the two 
methods. In some cases it will be observed that the polarimetric value was 
slightly greater than the reducing value. It is significant that the change in 
reducing value was merely due to the dilution. 

At this stage it appeared worth while to attempt work on a larger scale 
with the idea of isolating substances responsible for the phenomenon. In 
order to avoid large changes in py alcohol was chosen as the protein preci- 
pitant. Because alcohol extracts large amounts of pigments, difficulty was 
experienced in obtaining solutions suitable for polarimetric observations. It 
was found that pig’s plasma, which is only slightly pigmented, gave the most 
satisfactory solutions. Oxalated blood was centrifuged as soon as possible 
after collection, and, to the plasma obtained, sufficient 95 °% alcohol added 
to make the final mixture approximately 80 % alcohol. 

The mixture was shaken, allowed to stand over night at 0° and the pre- 
cipitated proteins filtered off. The clear alcoholic filtrate was concentrated 
in vacuo at 30-35° until practically all the alcohol was removed. The watery 
solution was extracted with ether twice or thrice, thus removing fat and a 
considerable amount of pigment. Ether was then removed by distilling again 
in vacuo and the solution further extracted with butyl alcohol. After removal 
of butyl alcohol the solutions were a greenish colour due to bile pigment. 
Addition of 5 % BaCl, solution, drop by drop, until no further precipitate 
was obtained yielded, after filtration, a solution clear enough for good optical 
work. A few typical results are shown in Table III. 


Bioch. xx 37 
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Table III. Solutions obtained after precipitation of proteins of pig’s plasma 
by alcohol and removal of fat and pigments. 


% Glucose 
ee 
Calculated 
from sy 


Exp. ’ 
rotation reduction 


No. Rotation 
+0-33 0-27 0-41 
+ 1-00 0-80 1-36 

26 1-00 “= 
+0-90 0-72 1-16 


Hm Oo hoe 


Rotation 
+0-50 
+ 1-68 
+2:13 
(0-90 py 6-0) 
7 1-04 


een ene 


Solution acidified with HCl cone. py <4-0 


% Glucose 


( 


From 
rotation 
0-40 


1-35 
1-70 


0-84 


By 


reduction 


0-39 
1-24 


0-83 


Again the solutions showed marked differences between the glucose values. 
The effect of the addition of acid to the solutions was just as in previous 
experiments. One rather important observation, reported in Exp. 4, was 
made at this point. Here the py of the solution was adjusted to 6-0. No change 
in the rotation was observed even on allowing the solution to stand for 


4 days. On making the py < 4-0, however, the rotation increased in the usual 


manner. 


fractional separation of the optically active substances by means of alcohol. 
The watery solution, after removal of fat and most of the pigment, was taken 
down to dryness, first by distillation in vacuo, and finally in a vacuum desic- 


cator over sulphuric acid. The dry residue was extracted with 


99 & 


4, alcohol, 


the extract filtered and taken down to dryness in vacuo and the residue dis- 


solved in water. 


The residue remaining after extraction with 99 % alcohol was then dis- 
solved in a small volume of water and sufficient absolute alcohol added to 


make the final concentration of alcohol 90%. 


The mixture was filtered, the 


filtrate taken to dryness in vacuo and the residue dissolved in water. The 


types of results obtained are seen in Table IV. 


} 
Some attempts were now made to see if it were possible to obtain any 


Table IV. Optical rotations of solutions after addition of acid and alkali. 


Acid solution 


——_“ 
% Glucose 
Exp. Solution Original from 
No. used rotation Rotation rotation 
1 Solutionafterremoval +0-47 +0-65° 0-52 
of pigments 
2 Dilute 99 % alcohol -0-06 +0°15 0-12 
extract 
3 90 % alcohol filtrate +0-15 +0-52 0-42 
of residue from No. 2 
99 % alcohol extract +0-19 +0:°43 0°35 
5 90 % alcohol filtrate +0-°33 +0-51 0-41 


of residue from No. 4 


Alkaline solution 


co 


Rotation 


+0-°33° 
+0-03 
+0-19 


+0°17 


+025 


% Glucose 
from 
rotation 


0-27 


0-02 


0-15 


0-14 
0-20 





% Glucose 
by 
reduction 


0-305 
0-335 


It will be observed that the changes in rotation were common to both 
the 99 % and 90 % alcohol extracts. In each case, too, the solution showed 
a low rotation (in Exp. 2 a laevo-rotation is reported) and a large increase on 








TT LL 





STUDIES IN CARBOHYDRATE METABOLISM 561 


making the py less than 4-0 by the addition of HCl. The effect of the addition 
of alkali sufficient to restore the original py 8-0-9-0 was now tried. The polari- 
metric values decreased, in some cases almost to the original values, if allow- 
ance is made for dilution. The results make it clear that no separation of 
optically active substances had been effected. 

Two experiments in which carbohydrates were removed from the solutions 
by means of copper sulphate and calcium hydroxide are given in Table V. 








Table V. 
Acidified with cone. HCl 
Pu <40 
ron 
Reduction Reduction 
calculated calculated 
No. Rotation as % glucose Rotation as % glucose 
1 —0-08° 0-037 +0-10° 0-020 
2 — 0-03 — +0°10 0-017 


When the solutions were alkaline the rotations observed were laevo- 
rotatory, but on acidifying to py < 4-0 the solutions became dextro-rotatory. 
The solutions showed only a very small reducing power. 


NoTE ON INTERACTION OF MUSCLE TISSUE, INSULIN AND GLUCOSE IN VITRO. 

In an early communication Lundsgaard and Holboll [1924] described ex- 
periments in which they incubated muscle tissue, insulin and glucose at 37°. 
At intervals of time over 2 hours samples of these mixtures were withdrawn 
and dialysed through collodion sacs into 0-9°% NaCl solution. They then 
compared the polarimetric and reducing values of the dialysates and found 
that these were not in agreement. The polarimetric values became increas- 
ingly lower than the reducing values, and this they attributed to the fact that 
the glucose had been partially converted into a form called “new-glucose.”’ 
It seemed desirable that this important communication should be confirmed 


and, if possible, extended. 


Table VI. Examination of dialysates from glucose, insulin and 
muscle mixtures. 


Time after be- % Glucose 

ginning exp. at —————————— 
which sample was Reduction by 
taken foranalysis Hagedorn and Calculated from 


Exp. Incubation mixture Minutes Jensen rotation 

1 17-5g. guinea-pig muscle + 15 0-575 0-55 
40 units insulin + 200 ce. 2% 30 0-430 0-42 

glucose solution 60 0-555 0-56 

135 0-492 0-51 

2 20 g. guinea-pig muscle + Immediately 0-700 0-65 
40 units insulin + 200 ce. 2% 15 0-765 0-73 

glucose solution 60 0-655 0-64 

120 0-780 0-75 

180 0-720 0-71 


The methods employed in the experiments were exactly the same as those 
described by Lundsgaard and Holboll, and following the procedure of these 
workers muscle from guinea-pigs was used. The insulin used was that of 


37—2 
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Burroughs, Wellcome Co. In no case could we confirm the findings of Lunds- 
gaard and Holboll. Only a few results are given here (see Table VI) as, since 
we performed this work, Barbour [1926] has published a paper on the question. 
Barbour states that he was unable to detect any difference between the 
polarimetric and reducing values, or any changes in these values in dialysates 
from muscle, insulin and glucose mixtures incubated at 37° for 2 hours. 


Discussion. 


We have obtained concentrated ultrafiltrates from laked corpuscles of pig 
and ox blood showing strong laevo-rotation and little or no reducing power. 
Holden [1925] called attention to the presence of a laevo-rotatory substance 
in the corpuscles of sheep’s blood which he identified as glutathione. Hunter 
and Eagles [1925] report the presence of a substance confined to corpuscles 
= — 155°. Benedict, Newton and Behre [1926] 
also report the isolation of a substance “thiasine,”’ which however has a dextro- 
rotation [@], = + 116°. This introduces some confusion, but it would appear 


and having a laevo-rotation [@],, 


that there are at least two laevo-rotatory substances in corpuscles. Thus 
conclusions on the nature of blood sugar, which are based on the rotatory 
behaviour of blood filtrates prepared from whole blood and involving disinte- 
gration of corpuscles, are open to criticism. 

Our observations on solutions prepared from plasma have also demon- 
strated peculiar rotatory phenomena. In alkaline solution, py > 8-0, the rota- 
tion is low, on making acid to py < 4:0 the rotation immediately alters so 
that now there is an approximation for glucose values calculated from rotatory 
and reducing powers. That this rise in rotation is not a hydrolysis effect would 
seem to be certain because (1) the reducing value remains constant, and 
(2) the rotation falls again on the addition of alkali. In none of our prepara- 
tions from plasma have we been able to detect the presence of glutathione. 

Visscher [1926] has called attention to the importance of py when 
studying the optical activity of blood filtrates. However, he prepared his 
filtrates by the technique outlined by Winter and Smith [1923], which involved 
the use of whole blood and a disintegration of the corpuscles. In any dis- 
cussion on the results we have obtained mention must be made of papers by 
Denis and Hume [1924], and Hynd [1926]. Denis and Hume prepared 
“synthetic” blood extracts which gave a rotatory power lower than the 
reducing power. Hynd reports that solutions containing urea and glucose, 
when heated for some time, show a diminution in rotation, but that this effect 
is obtained at 37° only after incubation for 3 months. In our experiments on 
concentrated dialysates a period of only 6-8 hours elapsed between the time 
of receiving the blood and making the first polarimetric reading. The occur- 
rence of a similar reaction in vitro in our experiments is, therefore, very un- 
likely. Hynd suggests that this reaction may occur in vivo and so account for 
the different values found for blood filtrates. Unfortunately he does not 
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mention if there is any change in rotation with alteration in the py of his 
solutions. If the change caused by urea is similar to a Lobry de Bruyn trans- 
formation, as Hynd suggests, then it is difficult to reconcile this with our 
results which show alteration in rotation with changes in py. 

At present it seems impossible to say definitely what substance or sub- 
stances are responsible for the changes in optical activity of blood filtrates 
at varying py, but there are indications that they are not of the nature of 
carbohydrates. 

SUMMARY. 

1. Methods of preparation of protein-free concentrated ultrafiltrates and 
dialysates of normal blood, laked corpuscles and plasma, and of alcohol 
extracts of plasma of ox, sheep and pig are described. 

2. Laked corpuscles are shown to yield strongly laevo-rotatory ultra- 
filtrates which have very little reducing power. 

3. The concentrated ultrafiltrates, dialysates and alcohol extracts of 
plasma are observed to have a low rotatory power as compared with the re- 
ducing power (calculating values as for @f-glucose). 

4. The optical rotation changes with large alterations in py and this 
change is reversible. 

5. Itis suggested that these results are probably explained by the presence 
in plasma of one or more optically active substances other than glucose. 

These substances are slightly soluble in 99 °% and soluble in 90 % alcohol, 
and attempts to separate them from glucose by means of alcohol were not 
successful. After treatment with copper sulphate and calcium hydroxide, 
laevo-rotatory solutions having practically no reducing power are obtained. 
The rotaiion becomes dextro at a py < 4:0. 

6. No mutarotation was observed in any of the solutions examined. 

7. Experiments on glucose-muscle-insulin mixtures are in agreement with 
those of Barbour and do not confirm the findings of Lundsgaard and Holboll. 


We should like to take this opportunity of expressing our thanks to 
Sir F. G. Hopkins and Dr J. B. 8. Haldane for their constant advice and 
encouragement. 

One of us (A. C.) is indebted to the Department of Scientific and Industrial 
Research for a maintenance grant. 
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OF OBTAINING ASH-FREE PECTIN. 
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Pectin contains mineral impurities, which vary in amount and character 
according to the source and the method of extraction. This is shown by the 
data given below in which the percentage of mineral impurity was obtained 
by heating the pectin to constant weight at dull redness in a platinum crucible: 


Percentage of ash 


Pectin from lemon peel; extracted by (a) ammonium oxalate ... 3-08 
(6) heating with V/20 HCl 3:57 

Pectin from lemon pulp : ee aa oes ; 4-65 
Pectin from Lord Derby apples 2-41 
5-64 


Pectin from apple juice 

A qualitative analysis of the ash of pectin obtained from lemon peel by 
extraction with ammonium oxalate showed the presence of aluminium, a 
trace of iron, calcium, sodium, potassium and a trace of copper. In the case 
of the apple-pectin, iron was always found in the ash. 

In all the above cases the pectin extract was precipitated with alcohol 
(after acidification in the case of the ammonium oxalate extract), the pectin 
filtered off through muslin, redissolved in water and reprecipitated several 
times. The precipitate was then dried by standing with successive amounts 
of 95 % alcohol and finally with absolute alcohol and with ether. The final 
drying took place over sulphuric acid in a vacuum desiccator. In the course 
of experiments to test the completeness of precipitation of pectin by acidified 
alcohol [Emmett and Carré, 1926] it was necessary to use ash-free pectin, 
since the calcium pectate method of estimation [Carré and Haynes, 1922) 
used as a control to the alcohol method is not satisfactory in the presence of 
certain mineral impurities. The colloidal nature of pectin indicated that it 
should be possible to remove these impurities by dialysis and a comparison 
of the efficiency of the following three methods was undertaken. 

(1) Dialysis against distilled water. 
(2) i ,, N/50 hydrochloric acid. 
(3) Electro-dialysis. 
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The material for these experiments was obtained from a commercial pectin 
solution, “certo” (supplied by the Douglas Packing Company), precipitated 
and dried as previously described. A 1-0-1-5 % solution in distilled water 
was used in every case, and because of the extreme susceptibility of pectin 
to attack by fungi and bacteria, the solution was always covered by a layer 
of toluene and a little chloroform also added. The samples for ash estimation 
were precipitated with alcohol and dried at 100°. 


Dialysis against distilled water and N/50 hydrochloric acid. 

Dialysis against distilled water has been used for the purification of pectin 
by Fellenberg [1918] and Norris and Schryver [1925]. The last mentioned 
investigators do not advocate the method, since they have found it impossible 
to reprecipitate the purified material with neutral alcohol. In the investi- 
gations here described this difficulty was only experienced in the case of very 
dilute solutions, and even in these cases a gel was obtained which could be 
dehydrated by long standing with alcohol. 

In the preliminary experiments on dialysis against distilled water and 
N/50 hydrochloric acid, the dialyser consisted of a parchment bag, fixed to a 
glass ring, the pectin being protected from dust by a cardboard cover. The 
toluene, however, evaporated rapidly, fungi developed and bacterial decom- 
position of the pectin was in some cases detected. Subsequent experiments 
were made with the pectin contained in a stoppered bell-jar, the open end 
being covered with parchment, and with this form of apparatus no con- 
tamination was experienced. 

In the case of HCl dialysis, the pectin precipitate was washed free from 
acid, by standing with successive amounts of alcohol, before the ash was 
determined. 

Electro-dialysis. 

Electro-dialysis has been found to be a very satisfactory method of puri- 
fying colloids and has been successfully used in the case of gelatin and glue 
[Schwerin, 1914, 1917; Knaggs, Manning and Schryver, 1923; Knaggs and 
Schryver, 1924]. The apparatus used varies slightly according to whether 
the colloid to be purified is in the form of a gel or in solution. Pectin does 
not form a gel with water alone, and in the experiments to be described the 
apparatus shown in the diagram (Fig. 1) was used. It consisted of a small 
parchment dialyser suspended within a bell-jar having a parchment-covered 
bottom. This dipped into a large glass trough filled with distilled water, at 
the bottom of which was a layer of mercury to serve as the cathode. The 
small inner dialyser contained distilled water, and dipped into the pectin 
solution contained in the bell-jar. Through the cork of the bell-jar passed 
tubes for filling and emptying the apparatus, and a glass tube filled with 
mercury in the end of which was fused a platinum electrode of about 2 em.? 
area to serve as anode. The water in the dialyser was removed and replaced 
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through the tubes shown in the diagram. The pectin samples for ashing were 
similarly removed. 


Water 


Pectin 


Mercury 





It was found important to make the platinum electrode the anode, a 
reverse current causing precipitation of the pectin. 

The lighting circuit (220 volts p.c.) was used and the current was kept 
at 0-25 amp. by means of an adjustable external resistance. The heating 
effect with the given intensity of current was reduced as far as possible by 
placing the electrodes as close together as conditions would permit, and so 
decreasing the resistance. Cooling was also effected by exposing to the air 


a large surface of the water in the outer trough. 


Comparison of efficiency of the three methods. 
The following table of results gives a comparison of the efficiency of the 


different methods of ash removal: 


Table I. Ash of material before dialysis 3-1 %. 








Method of dialysis ... Water Hydrochloric acid Electro-dialysis 
an A —— ———~ oe —— 
I I Il ] II 
Cone. of solution °, 1-5 1-5 1-0 1-5 1-5 1-0 
Water changed so Once a Twicea Twicea Twicea Twicea Twicea 
week week week week week week 
Duration of Percentage of ash 
dialysis ——-— ~ = — 
1 week — — 0-91 — o> 0-59 
2 weeks _— 0-87 1-01 0-63 0-61 
3 — -- 0-83 — — 0-79 
4 2-85 0-93 — — 0-84 1-40 
7 2-58 “= --- -— -- 
S o — 0-84 _- _- —_ 
_ — — — 0-87 0-86 — 
3 months — 0-76 — — — _— 
5 — 0-74 a= a= = ~- 


” 
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It will be seen from Table I that purification by dialysis against distilled 
water is very much the slowest of the three methods, and electro-dialysis the 
most rapid. Very satisfactory results are obtained by the electro-dialysis 
method, and the process is greatly hastened if the water in the dialyser is 
changed daily. In Table II are given the results of an experiment made in 
this way, and it will be seen that no appreciable change in ash occurred after 
the third day. 

Table IT. 


Days of dialysis Percentage of ash 
Before dialysis 3-10 

1 0-98 

2 0-85 

3 0-54 

4 0-54 

5 0-50 

7 0-56 


In using this method of purification care must be taken to change the 
water very frequently, so that the period of dialysis is not unduly prolonged. 
If this is not done, there is an initial fall of ash, followed by a rise, as will 
be seen from the results of the electro-dialysis experiments given in Table I. 
A similar increase in ash occurs if the dialyser is allowed to stand without 
current or change of water for several days, as shown in Table III. The 
reason for this increase in ash is rather obscure. 


Table ITI. 


Exp. 1 Exp. 2 
Oo 0. 
oO oO 
Ash before dialysis 3 3:1 
», after 2 weeks’ dialysis 0-74 —_ 
ge ae 3 0-56 0-65 
standing without current 0-89 1-14 


—— 

In none of these experiments was it found possible to reduce the ash, 
which was found to be rich in iron, below 0-5°%. Other investigators 
[Fellenberg, 1918; Carré and Haynes, 1922; Nanji, Paton and Ling, 1925; 
Norris and Schryver, 1925] have called attention to the presence of iron in 
the ash obtained from pectin, but no evidence is available to decide whether 
this iron is present as a colloidal impurity not removable by dialysis, or 
whether it is in closer association with the pectin. 


SUMMARY. 
The following methods of removing mineral impurities from pectin are 

compared: 

(1) Dialysis against distilled water. 

(2) ‘ »  N/50 HCl. 

(3) Electro-dialysis. 
Electro-dialysis is shown to be the most rapid and effective method, the ash 
of a sample of pectin being reduced from 3-1 % to 0-5 % in three days, when 
care is taken to change the water in the dialyser daily. 
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LXXV. STUDIES ON PHOSPHATES IN 
NON-IRRITABLE MUSCLE. 


By JOHN TILESTON EDSALL. 


From the Biochemical Laboratory, Cambridge. 
(Received April 30th, 1926.) 


In 1921, Foster and Moyle [1921] reported a remarkable condition produced 
in frog muscles by long exposure to a temperature of 0°. Within a period 
which varied from a week to a fortnight the muscles had become completely 
non-irritable, failing to respond even to powerful induction shocks. Their 
lactic acid content, however, was identical with that of fresh resting muscle; 
their appearance likewise was normal, showing no trace of the opacity or 
rigor evident in muscles which have become non-irritable through the action 
of heat, chloroform and other agents. It could furthermore be shown that 
in these muscles lactic acid is being slowly and steadily formed and oxida- 
tively removed as in normal muscles; moreover, under the action of heat or 
chloroform, the non-irritable muscles give a rigor maximum of lactic acid 
similar to that found in normal muscles. 

The behaviour of lactic acid in the muscles studied by Foster and Moyle 
appears, ihen, to be almost identical with its behaviour in normal muscles. It 
would appear, however, from the studies of Embden and his co-workers, that 
phosphoric acid and some of its esters play a very significant part in muscular 
contraction [Embden, Griesbach and Schmitz, 1914; Laquer, 1914]. 

Not only does the precursor of lactic acid in muscle appear to be a hexose- 
diphosphate, but this compound, as it exists in the muscle, appears to be 
extraordinarily affected by the ionic character of the fluids with which it is 
in contact. Certain ions, of which calcium among cations and fluoride among 
anions are most prominent, bring about a well-marked synthesis of the 
hexosephosphate from its constituents, and a decided decrease of inorganic 
phosphate. Sodium, potassium, and other ions, on the other hand, work in 
the reverse direction, causing an increase in the inorganic phosphate and a 
breakdown of the hexosephosphate (cf. Embden and Lehnartz [1924], Lange 
[1924], Embden and Haymann [1924)]). 

In addition, Embden [1924] has recently advanced the view that the re- 
lease of phosphoric acid from lactacidogen is the immediate stimulus to 
muscular contraction, and that the production of lactic acid follows there- 
after, serving to maintain a contraction already produced, rather than to 


initiate that contraction. 
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It is difficult to reconcile this view with the results obtained by Meyerhof 
and Hill; on the whole, the weight of the evidence appears to be against it. 
If Embden’s view be correct, however, we might well look for a disturbance 
in the phosphate metabolism of the non-irritable muscles as a clue to their 
inability to respond to stimulation. Two possibilities suggest themselves: 
(1) all, or nearly all, the lactacidogen may have disappeared, so that the 
available carbohydrate goes over very slowly to lactic acid; this view does 
not seem very plausible, but deserves consideration; (2) the enzyme which is 
involved in the ionic effects may have become inactivated, so that the muscle 
is deprived of the means for producing free phosphate rapidly. From the 
results to be given below it will be seen that neither of these hypotheses was 


confirmed. 


Method. 


The technique employed in the following studies resembled closely that 
employed by Embden and Lehnartz [1924]. Weighed amounts of frog muscle 
(about 1 g. per tube), which had been well chopped up with scissors on an ice- 
cooled glass plate, were placed in stoppered test-tubes containing a known 
volume of the fluid whose effect on the muscle it was desired to study. The 
temperature was kept constant at about 15° by immersing the tubes in flowing 
tap-water. After two hours, trichloroacetic acid was added (in such amount 
as to make the total acidity 0-25 molar), the whole fluid being made up to a 
known volume—generally 20 cc. The acid precipitates the proteins present, 
and inactivates the enzymes involved in the chemical processes studied. One 
sample of muscle was always treated with acid at the beginning of the ex- 
periment, so that the initial phosphate content (Embden’s “A” value) might 
be determined. Another sample was heated for two hours in a water-bath at 
10°-45°, in 2% sodium bicarbonate, to convert all the hexosephosphate 
present into inorganic phosphate. If the value for inorganic phosphate so 
obtained (“‘B” value) be taken, and the “‘A” value subtracted from it, we 
obtain the value of the lactacidogen phosphate (Hmbden’s “L” value) on the 
assumption that all the phosphate broken down by heating with bicarbonate 
was combined as lactacidogen. 

The contents of the test-tubes were well shaken, allowed to stand over- 
night, and filtered the next morning. The inorganic phosphate content of the 
solution was determined colorimetrically by Briggs’ [1924] modification of 
the method of Bell and Doisy. 

The colorimetric method of estimation, and not the gravimetric method 
employed by Embden [1921] was used for two reasons. (1) The colorimetric 
method, although less accurate than the gravimetric, is quite sufficiently 
accurate for studying the variations found in these researches and has the 
advantage of greater rapidity. (2) It was felt that confirmation of Embden’s 
studies on ion-effects would have more significance if the results were obtained 
by a different method. 
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One difficulty, however, was encountered. Fluorides, whose action on 
muscle Embden has shown to be so potent, have been found by Rimington 
[1924] to exert a disturbing influence on the colorimetric determination of 
phosphate, in concentrations over 0-01 M. The samples of fluoride which were 
obtained for the present investigation were found to disturb the tint and 
intensity of the colour produced, even in concentrations well below this figure. 
This may have been due to impurities and not to the fluoride itself. With all 
the other salts employed perfectly consistent results were obtained. The use 
of fluoride was therefore abandoned, and calcium salts were employed in 
studying the synthetic aspect of the ion-effects. Their synthetic action is 
almost as powerful as that of fluorides, and their functional significance in 
the animal body much greater. 


STUDIES ON NORMAL MUSCLE. 


As the colorimetric method has not yet been used in investigating the 
effects of ions on phosphates in normal muscle it was thought desirable to 
make studies of this sort before proceeding to the study of non-irritable muscle. 

As the synthetic aspect of the phenomena is more striking and distinctive 
than the breakdown effect, most of the experiments recorded were done with 
substances which produce the synthetic effect. Below are given the results of 
two typical experiments. The samples of chopped muscle were allowed to 
stand two hours with the various solutions tabulated; the figures given state 
the amount of inorganic phosphate, expressed as H,PO,, found at the end of 
that time. 


Table I. 


Exp. 1 Exp. 2 

Oo Oo 

/O Oo 
“A” value 0-249 0-281 
Molar CaCl, 0-237 0-278 
M/10O_ ,, 0-194 0-261 
M/25 ,, 0-139 0-230 
M/50 ,, 0-113 0-236 
M/100 ,, 0-108 0-242 

M/200 ,, 0-134 — 
Water 0-339 0-409 
*B” value 0-388 0-492 
wig és 0-139 0-211 


The great diminution in inorganic phosphate under the influence of 
calcium chloride will be noticed. It is further to be noticed that the effect of 
the calcium is by no means directly proportional to its concentration. Molar 
-alecium chloride has little or no effect. The effect is a maximum in the neigh- 
bourhood of M/50, and then diminishes with increasing dilution. In general, 
these results correspond very closely with those obtained by Lange [1924]. 

It will also be noticed that the calcium effect is much less in Exp. 2 than 
in Exp. 1. The cause of this is not altogether clear; Exp. 1, however, is typical 
of several experiments done in early spring; whilst Exp. 2 was done six weeks 
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later, when the weather had become much warmer. It is well known that the 
glycogen content of the frog’s muscle is much less in hot than in cold weather 
[Adler, 1921]. It seems not unlikely, therefore, that the action of calcium is 
weak in Exp. 2 because of a shortage of glycogen, which is an essential factor 
in the synthesis of lactacidogen. 

The findings of Embden’s school on the effect of glycogen in increasing the 
synthesis of lactacidogen and the influence of sodium and potassium chlorides 
as contrasted with that of calcium chloride were also confirmed by the colori- 


metric technique. 


STUDIES ON NON-IRRITABLE MUSCLE, 


Foster and Moyle’s methods [1921] for obtaining non-irritable muscles 
were followed. The muscles were kept at a constant temperature of 1° in 
one of the rooms of the Low Temperature Research Station at Cambridge. 
The appearance of the muscles and their gradual decline to non-irritability 
was essentially as described by Foster and Moyle. Lactic acid analyses were 
carried out on some of the muscles by Miss C. E. Lascelles, with the following 
results: 

Resting non-irritable muscle: (a) 0-016 %%; (b) 0-017 %. 

Non-irritable muscle after heat rigor: 0-448 %. 

It will be seen that these results agree with those of Foster and Moyle, 
and suggest no difference between normal and non-irritable muscles. 

As previously indicated, we might look for a disturbance in the phosphate 
metabolism of these muscles either in a breakdown of the lactacidogen, or in 
an inactivation of the enzyme concerned in its activity. The following table, 
based on analyses made on several samples of muscle at various times, show 
the first hypothesis to be untenable. 


Table II. Non-irritable muscles. 


“A” value “B” value “L” value 
Oo o/ 0 
oO /O 4/0 
0-273 0-390 0-117 
0-240 0-351 0-111 
0-196 0-301 0-105 
0-282 0-384 0-102 


The values for the lactacidogen phosphate in these muscles are a trifle 
lower on the average than those for normal muscles, but it is obvious that 
contraction has not ceased from any lack of the precursor of lactic acid, 
assuming Embden’s “lactacidogen”’ to be this precursor. We therefore turn 
our attention to the effects of ions on the phosphates in the non-irritable 
muscles. If the effects were found to be lost or greatly diminished it might 
furnish a clue to the nature of the loss of irritability. The following results 
would appear to give a definite answer to this question. 
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Table III. Non-irritable muscles. 


Exp. 1 Exp. 2 Exp. 3 

0 0. oO 

/ /O /O 
“A” value 0-240 0-286 0-282 
M_ CaCl, = — 0-254 
M/5 os 0-241 — — 
M/25 ,, 0-185 —- — 
M/50 ,, 0-172 0-126 0-149 
M/50 ,, ~ 0-076 ae 

0:5 % glycogen 

M/100 CaCl, 0-186 -- _- 
Water 0-286 0-315 0-312 
“B” value 0-351 0-255* 0-384 
ee 0-111 ? 0-102 


* The “B” value here is obviously an impossible one; the true “B” value cannot be less 
than the “water” value. Some experimental error seems almost certainly involved. 

From these results it would appear that the synthetic power of the calcium 
ion is fully as great in the non-irritable as in the fresh muscle. These results, 
therefore, neither support Embden’s theory that the liberation of phosphoric 
acid is fundamental in contraction nor do they serve in any way to refute it, 
and they certainly give no clue to the nature of the loss of irritability. 


SUMMARY. 


1. Some of Embden’s studies on the influence of various ions on muscle 
have been repeated and confirmed, with the use of the colorimetric method 
of estimation of phosphorus. 

2. The work of Foster and Moyle on non-irritability in muscle produced 
by long exposure to low temperature has been extended. There is no apparent 
difference in chemical behaviour between these muscles and normal fresh 
muscles. It is possible that some colloidal change has occurred in the non- 
irritable muscles which we can only hope to understand through a more 


intimate knowledge of the physico-chemical structure of the muscle fibril. 


My thanks are due to Sir F. G. Hopkins, who suggested this line of 
investigation and has given me much encouragement. The privilege of using 
one of the rooms in the Low Temperature Research Station has also been of 
great value in these studies. I am also greatly obliged to Miss Lascelles, who 
carried out the lactic acid determinations on the non-irritable muscles in 
the course of other researches on which she is engaged. 
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LXXVI. THE RELATION OF THE ENZYMES 
TRYPSIN AND PEPSIN TO THEIR 
SUBSTRATES. 


By GEORGE EDWARD BRIGGS, 
From the Botany School, Cambridge. 
(Received April 30th, 1926.) 


THE subject referred to in the title of this note is one upon which different 
authorities have different views. Northrop believes that no combination exists 
between them and has in various papers put forward the evidence which he 
considers supports his view. It is not our intention to review the whole of the 
evidence at the present time but merely to discuss that recorded in two of 
Northrop’s papers [1924, 1; 1925}. 

This author states that, when trypsin is added to a suspension of gelatin 
in water, the ratio of the concentration of the enzyme in the gelatin to that 
in the liquid phase outside is the same as the ratio of the concentrations of 
chlorine ions outside and inside the gelatin. This equality holds from py 2-10 
except near the isoelectric point of the gelatin where the ratio for the 
enzyme is much greater than the other, which is unity. As Northrop points 
out, this equality can be explained, if Donnan’s theory of membrane equilibria 
is applicable, by assuming that the enzyme is a mono-acid base which through- 
out the region mentioned is completely dissociated. In the case of pepsin a 
similar relation of ratios exists from py 1-7 with the exception that here it is 
the ratio of the concentration of chlorine ions in the gelatin to that outside, 
and consequently the enzyme is assumed to be a mono-basic acid. Further, 
the author states that a combination of enzyme with gelatin would disturb 
this equality and that his results are such as to be incompatible with such 
a combination, or, in his own words, “The results further show that the 
removal of trypsin from solution by insoluble! proteins is not evidence of the 
existence of a compound between the enzyme and the protein, as the writer 
formerly supposed, but, on the contrary, proves that there is no combination 
between the two?.” 

1 Our italics. 

2 That Northrop does not distinguish between the type of compound referred to here and the 
hypothetical compound which is assumed by many workers to be involved in the enzymic 
hydrolysis of protein solutions is shown by the statement [1924, 2] “Experimental evidence 
has already been found which contradicts such an assumption.”’ Here the assumption refers to 
the hypothetical compound, and the experimental evidence is that in the earlier paper [1924, 1] 
on the distribution of trypsin between gelatin and water. 
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We do not know on what grounds Northrop assumes gelatin to be an 
insoluble protein (probably he means undissolved). In any case we shall 
assume with others that, not only is it soluble, but that some of it is dissolved. 
The rate of the solution and the final concentration attained depend upon 
the concentration of hydrogen ions and upon the concentration and nature 
of the salts present. If the dissolved molecules and ions of gelatin can pass 
out of the gelatin, the final state will be that the concentration of the molecules 
will be the same inside and out. If they cannot pass, the molecules from the 
outside of the particle will dissolve until equality is reached, assuming 
that the distribution of the ions is such as predicted by Donnan’s theory. 
On account of the bound gelatin ions inside the particle there will be a smaller 
concentration of other ions of the same sign inside the particle than in the 
liquid outsidet. 

Let s be the concentration of gelatin molecules and s’ that of the ions, 
e and e” of the molecules and ions of the enzyme, e,, e,,, e', and e’,, of the 
compound of enzyme and substrate and the ions of this compound. The 
subscript 7 will denote those inside and o those outside. Then 


e; =k,e/OH,, e’, =ek,/OH,, 

€,, = s8e/k,, e,, =es/k,, 

ey, = 8',e/k, = esk4/H;k,, es, =esk4/H,k,, 
e,, =e ,8/k, = esk,/OH,k,, 6. —esk JOH, k., 


é'y; = €'s,ka/H, = esksky/H,OH;k,, ey, = esk4h,/H,OH,k,, 


where k. is the acidic dissociation constant of the gelatin and k, the basic 
constant for the trypsin and k, for the compound, whatever its form, into 
enzyme and gelatin. There is evidence for the combination of the enzyme and 
dissolved gelatin, some of which we shall produce presently. 

The total enzyme inside, H;, is equal to e+ e,,+ € + € 6g + C54 + Cy. 
If the enzyme is astrong base, as Northrop supposes, then e, e, and e,, can be 
neglected, and we have 


E, OH, {1+8/k,y(1+ka/H)} 
E, OH;° ; oh oa HD} 


Any other anion can be substituted for OH and any other kation for H. The 
greater H, 7.e. the nearer the isoelectric point of the gelatin, the more nearly 
will ,/E, approximate to OH,/OH;. These ratios will approximate whatever 
the value of H as s becomes small veladine to k,. With H, greater than H,, 
as it is in the region being considered, the enzyme ratio should be smaller 
than the ratio OH,/OH,, and more so the greater s. With increasing alkalinity 
s becomes greater |Cohn, 1925]?. It may be noted that, in as far as the con- 
centration of the molecules e and e, is not negligible, the enzyme ratio should 
approach more closely to unity and hence, since £; is greater than #,, this 
1 Of course inside and outside are not to be taken literally. 


2 It is not clear as to whether it is s which is increased or only the total, s plus the ions. 
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factor also will tend to make the ratio smaller. When we eventually reach 
the point where the enzyme is practically un-ionised we shall have 


E ¢ Car Care 


oo] 


and then our ratio £,/E, will become 


¢ 


[ Ss ky q /{ s ka | 
y E() “All 4 at H,) | 


and if H is small compared with hk 


sk | I Sh A | 

Hk, \/ L* Hoke” 
This will approach to H,/H,; or OH,/OH,, the reciprocal of the previous 
limiting value, unless s is small compared with k,, the actual value being 
between H,/H, and unity. 

If the gelatin molecule has, not one, but several acid groups ionising over 
the range of py investigated, our expression needs modification. The titration 
curve, since it is practically identical with that of a mono-basic acid, shows 
that the dissociation constants of the groups must be practically all the same 
and the groups sufficiently far apart to act independently. If there are 


x such groups we shall have e’,,, e’,,,, etc. as well as e’,, and since 
© e kax | ° e’ k4?x (x l ) t Sv © . (1 =a)" 
Pi and é .,, = eit., 22, =e, + ; 

, H H?1.2 H 


and our expression for E/E, becomes 


OH, [(1+s/k,(1 + ka/H,)*] 
OH,” [1 + 8/k,(1 + ka/H)*]" 


Hence with H small compared with ka, E;/E, should be yet smaller. 

If the gelatin molecule can combine with as many as y molecules or ions 
of enzyme instead of one, as we have supposed above, then our expression 
becomes further modified to 


E, OH, [1+ ys/k,(1 + ka/H,)*(1 + e'/ks)"] 
E, OH; | ys ks (1 T ka H,)* (1 r Co k,)¥ *| 


if the points of combination are sufficiently far apart to act independently. 
[f, as seems likely, the enzyme concentration is small compared with k,, the 
new terms will approximate to unity. If not, then since e’; is greater than e’,, 
this factor will tend to increase the ratio E,/E, as compared with OH,/OH,. 

Instead of approaching to OH ,/OH, when the enzyme is practically un- 
dissociated, etc., the ratio will approach to (OH,/OH,)*. 

On the acid side of the isoelectric point of the gelatin the expression for 
E,/E, differs from that given above in having kn/OH instead of k4/H. As we 
remove from the isoelectric point, OH; tends to become greater than OH, 
and s tends to become greater, and hence the enzyme ratio should again 











COMBINATION OF ENZYMES AND SUBSTRATES 577 


become smaller, In this region there is less likelihood of any enzyme remaining 
undissociated, a complication which would increase the ratio in this case and 
bring it nearer unity. 


Table I. Distribution of chloride ions and trypsin, inside and outside 
of gelatin particles (after Northrop). 


Pu 20 25 30 3-5 4-0 4-7 a) 60 65 70 80 85 
Cl’,/Cl’; 0-6 0-4 0:24 0-13 38 1-0 1:3 1-6 2-0 1-9 1-9 1:8 
1-5 ) 1-5) 
E/E, 05 03 023 O17 035 NO, @0l 14 25 19 17 21 
20-0) = 1-2) 
Pa 90 92 94 96 98 100 102 104 106 108 4110 
CV/CV, 20 24 26 25 22 23 2-2 1-8 2-0 2-0 2-2 
E,/E, 2-0 2-6 2-5 2-6 2-0 1-9 1-0 0-38 0°43 0:43 0-30 


Examining the results obtained by Northrop (see Table I) we notice that, 
apart from the region of the isoelectric point which we shall consider presently, 
the majority of the enzyme ratios are smaller than the ratios for chlorine ions, 
and increasingly so as more alkaline regions are approached. It is not much 
use to take the average of all the experiments and show that the enzyme ratio 
is the same as the chlorine ion ratio, as does Northrop, particularly as he says 
that each figure in the table is the average of ten. This worker’s interpretation 
of the results from py 10 onwards is that the enzyme is an ampholyte with 
its isoelectric point at 10-2, where the ratio is unity!, and afterwards the 
ratio ought to be equal to Cl,/Cl, instead of Cl,/Cl;. 

As we have seen above, our theory, which does not assume any amphoteric 
properties for the enzyme, explains an approach to equality of the ratios 
E/E, and Cl,/Cl,. Actually the former becomes smaller than the latter, thus 
indicating further complications; possibly further ionisation of the gelatin. 

So far we have assumed that the system is in equilibrium. The experiments 
were carried out at 0° to restrain hydrolysis of protein, and it is quite possible 
that the water was not saturated with gelatin, although the suspension had 
been standing for eighteen hours. Since the ratio of surface of gelatin to 
volume of liquid was greater inside than outside at the beginning of the 
experiment and remained so in the region of the isoelectric point of the gelatin, 
the concentration of the gelatin in solution outside is likely to be further 
removed from the equilibrium than that inside and particularly so nearer the 
isoelectric point. Consequently we shall have to insert s; in the numerator 
of our expression and s, in the denominator. With s; greater than s,, the value 
of £,/E, will tend to become greater, thus counteracting the disturbing 
tendency of the other factors considered above. Eventually the ratio will be 
greater than Cl,/Cl; when the isoelectric point is reached and the other 
factors ka/H and kp/OH become negligible. Further Loeb [1922] has shown 

1 Any combination with ions of gelatin such as we suggest would make the ratio greater than 
unity. 

38—2 
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that the rate of solution of gelatin at 38° is much less at the isoelectric point 
than elsewhere. If the same holds at 0° and solution follows the usual logarith- 
mic course (dz/dt = K — cx) then, when ¢ is sufficiently small, s; and s, will 
both be practically zero and hence the ratio (s; + /,)/(s, + 4) will be unity; 
with ¢ finite the ratio will be greater than unity, and, with the rate increasing 
as we depart from the isoelectric point, the ratio of s,/s, will decrease and our 
ratio, which will increase at first, will eventually decrease until we approach 
the point at which the rate of solution is so great that the system is practically 
in equilibrium in the finite time and s,; equal to s, when the ratio is again unity. 

With trypsin, as we have seen, the enzyme ratio becomes much greater 
than the chlorine ion ratio as the isoelectric point is reached. As to whether 
the whole discrepancy is due to the above cause, it would be rash for us to say. 
Possibly there is a combination with the gelatin particle in all regions and 
hence a tendency to increase the ratio E/E, as compared with Cl,/Cl; on the 
alkaline side and Cl,/Cl, on the acid’. Northrop suggests that the large 
numbers may be due partly to experimental errors. “From py 4:5 to 6-0 all 
the trypsin solutions showed a slight precipitate, especially in the presence 
of gelatin. This precipitate contains trypsin and is probably the cause of the 
irregular results contained in this range.” Further on he remarks “it is 
possible that a small amount of trypsin is combined with the gelatin and that 
this is the disturbing factor.” He is referring, presumably, to the gelatin 
particle itself and not to gelatin in solution, which, indeed, he never mentions. 
As to the nature of the combination, he makes no further suggestion in this 
paper, in fact he stoutly denies its existence except where he cannot ignore the 
anomalous results. 

In the experiments with pepsin, he again found the ratio for the enzyme 
to be much greater than unity at the isoelectric point. Our expressions for 
pepsin are the same as those for trypsin with the substitution H,/H, for 
OH ,/OH,. The ratios found were 1, 5, 10, 9 and 1 for the following con- 
centrations of NaCl; 0, 0-0016, 0-008, 0-04 and 0-2 WM respectively. With 
increasing concentrations of NaCl, Loeb [1922] has shown that gelatin at the 
isoelectric point dissolves at an increasing rate when the temperature is 35°. 
If the same holds at 0°, we should expect, from what we have said previously, 
that (s; + k,)/(s, + k,) or #,/E, would increase up to a certain concentration 
and then decrease. We have not the requisite data to forecast the concen- 
tration for the maximum value of the ratio when the time is eighteen hours 
and, indeed, there are probably other complications. 


Table Il. Comparison of chloride and pepsin ratios with gelatin at various 
Pr and salt concentrations (after Northrop). 


Pu 4:7 5-1 5-6 6-0 65 65 65 7-2 
CV,/CVv, 1:01+0-01 0-95-+0-01 0:70+0-01 0-62+0-02 0-65 0:74 0-88 0-50+0-013 


E,/E, 1-:01+0°03 1:06+0-05 0-61+0-04 0-51+40-04 0-53 0-57 0°80 0-51-+0-05 


1 This may be a combination of gelatin ion with oppositely charged enzyme ion to form a salt. 
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It will be seen also (Table II) that, except near the isoelectric point, the 
enzyme ratio is smaller than Cl,/Cl,, just as in the case of trypsin it was less 
than Cl,/Cl;. Northrop was not able to carry out experiments in solutions 
more alkaline than py 7 on account of the instability of the enzyme. One 
wonders whether the ratio would have fallen still further in this region. 

With pepsin he attributes the abnormalities at the isoelectric point to 
“adsorption” of the enzyme and states that it is irreversible. He does not 
give a reason for these statements. The point of great interest is that this 
adsorption could be prevented by the addition of dissolved gelatin to the 
system. This is just what our theory predicts: as to whether the ratio could 
be reduced to less than unity, he does not say. 

Finally, this adsorption takes place with egg-albumin, freshly precipitated 
and washed, but not if it is dried for 24 hours at 70°. The adsorption appears 
again, however, after this albumin stands in water for several days. This 
suggests that the albumin dissolves but very slowly (or perhaps very rapidly) 
after heating, so that both s,; and s, are negligible (or equal). 

In conclusion we may say that, not only is the evidence considered not 
antagonistic to a theory involving the combination of gelatin and similar 
proteins with enzymes such as trypsin and pepsin, but much of the evidence 
points to such a combination. Further investigation is necessary to test 
whether a picture of the type we have suggested is more nearly correct. We 
propose to consider the other evidence elsewhere. 
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In the absence of a direct method of estimating calcium ion, we depend for 
our conception of the state of calcium in body fluids on indirect evidence. 
This evidence, which is mainly based on dialysis experiments and on the low 
solubility of calcium carbonate and calcium phosphate, we propose to 
consider. 

(1) DIALysis EXPERIMENTS. 

It has been shown frequently that serum? in a dialysing sac is in equilibrium 
with an external fluid containing a lower concentration of calcium. This 
unequal distribution is generally ascribed to the proteins in the serum, but 
as far as we know no quantitative experiments have been made to decide 
whether the protein will account for the effect. We therefore have dialysed 
proteins against calcium solutions. In case some other undialysable calcium 
compound might be present in serum we have first made sure that our protein 
solutions were free from calcium. 

In our first experiments the dialysis was performed at room temperature, 
which varied during the day from 18° to 28°. 

The proteins were prepared from horse plasma or serum. The serum used 
in Exps. 6, 7, 8, 14, 15 and 16 was dialysed against 0-9 % NaCl; the serum 
protein in Exps. 9 and 17 was precipitated by alcohol and ether in the cold 
| Hardy and Gardiner, 1910], and dialysed against 0-9 °4 NaCl; both contained 
less than 0-3 mg. calcium per 100 cc. The albumin was crystallised from 
plasma; the globulin was precipitated three times with half-saturated am- 
monium sulphate; both albumin and globulin were dialysed against 0-9 % 
NaCl until they contained only faint traces of sulphate and were proved free 
from calcium. Before dialysis the protein solutions were brought to py 
approximately 7-4 with CO,-free sodium hydroxide. 

The collodion sacs were made according to Looney’s [1922] formula but 
with 0-9°% pyroxylin (B.D.H.); they were tested for impermeability to 
protein and attached to short pieces of pressure tubing with rubber bands 

1 We do not find convincing Vines’ [1921] thesis that calcium is in different states in serum 


and plasma; for he appears to have ignored the difference of calcium concentration in serum and 
whole blood, and to have used blood heated to 55° for half an hour as unchanged blood. 
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and a smear of fresh collodion solution. After filling with protein solution 
(about 5 cc.) they were closed by inserting glass rods into the pressure tubing. 
They were then placed in 500 cc. of solution in duro-glass flasks, containing 
0-9 % NaCl, varying quantities of CaCl,, and phenolsulphonephthalein as 
indicator. In both these and the preliminary dialyses CO,-free air was passed 
continuously through the external fluid to ensure absence of CO, and keep 
the fluid stirred; this air was first passed through water and toluene, so that 
the solutions were saturated with toluene; there was no sign of growth of 
bacteria. Dialysis was continued two or three days. 

Calcium was estimated by Clark’s [1921] method, protein by a micro- 
Kjeldahl method, and the reaction by comparison with standard phosphate 
solutions. The results are shown in Table I, exps. | to 8. 


Table I. Partition of calcium between protein solutions and protein-free 


solutions. 
Protein solution External solution 
Protein Calcium Calcium 
g. per mg. per mg. per 
100 cc. 100 ce. HCO.- P 100 ce. CAp—Cas . so 

No. Temp. Pr Cap pu Mol. x10 Mol. x16? =Cas Cagx Pr Protein used 

l Room 2-23 11-0 7-5 0 0 9-8 5-5 Globulin 

2 aa 1-81 11-0 7-4 0 0 9-8 6:8 Albumin 

3 ; 302 =11°8 7:3 0 0 9-6 7:7 a 

+4 5:55 8-8 7:6 0 0 6-0 8:5 

5 : 4:3 9-3 7-48 0 0 73 6:35 _ 

6 es 5-4 3°5 7-45 0 0 2-7 5-5 Dialysed serum 
7 6-87 8-6 7-70 0 0 6-0 6-3 pe es 
8 pe 6-67 13-3 7-67 0 0 9-8 a3 ‘a ie 
9 37 4:5 6-1 7-00 0 0 3°9 12-5 Serum protein 
10 3 5-4 10-9 7-30 0 0 6-1 14-5 Albumin 
11 3-4 7-65 7-20 5:5 0 5-65 10-4 

12 5-4 5-0 7°30 ll 0 31 11-4 

13 5-25 10-4 7:85 5-5 0 5:25 16-0 oe 

14 ma 1-8 5-45 7-55 1] 0 4-56 10-9 Dialysed serum 
15 = 3-2 7-15 7-40 ll 0 5-3 11-1 a 

16 i 3°3 3°7 7:30 Ll 0 2-8 9-7 

7 i 3-2 6-65 7:50 27 l 4-9 10-9 

18 : 3°3 7-6 7:45 27 1 55 11-5 - os 
19 3 4-5 9-3 7:3 27 I 2 11-1 Serum protein 
20 9 5°35 8-7 7:55 27 l 5°45 11-2 Albumin 


Later we repeated dialyses in a water-bath at 57°. These dialyses we made 
as before except that only 50 cc. of the external fluid was used, contained in 
8 x 1 inch Pyrex test-tubes; NaHCO, was used to buffer the solution in 
Exps. 11 to 20, and in Exps. 17 to 20 phosphate added to reproduce body 
conditions; in all NaCl was added in appropriate amounts to keep the con- 
centration approximately 0-15 M. In Exps. 11, 13, 16, 18 and 20 toluene was 
not used, and 3-5 ce. of distilled water saturated with thymol were used in 
making up the external solution. For fear of bacterial action we only kept up 
the dialysis for 24 hours, and therefore reduced the volume of protein solution 
to 3cc., and added to it before dialysis enough calcium chloride solution to 
bring the concentration of calcium in it to about 1 mg. per 100 cc. less than 
the final concentration expected. The tubes were gently rocked throughout 
the time of dialysis. In these and subsequent experiments the calcium 
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oxalate precipitate in the calcium estimation was washed with saturated 
calcium oxalate solution as recommended by Stanford and Wheatley [1925]. 

In some of the external solutions used in these experiments the solubility 
products of calcium carbonate and phosphate were exceeded though no 
precipitation occurred. We therefore needed to know whether in these solu- 
tions the calcium was present as ion or as colloidal calcium carbonate or 
phosphate. It is possible to settle this question in artificial solutions in the 
following way. When calcium carbonate is formed in a solution containing 
calcium chloride and a bicarbonate the following reaction may be considered 
to take place: 

Cat++ + 2HCO,- = CaCO, + H,CO,. 
So that with the formation of CaCO, in such a solution the concentration of 
H,CO, rises and that of HCO,~ falls, the hydrogen ion concentration rises, and 
the rise of hydrogen ion concentration serves as a measure of the degree to 
which CaCO, is formed. 

For this method we have two similar apparatus of equal volumes as shown 
in Fig. 1. Into the bulb A of each was introduced 10 cc. of a solution of 
sodium bicarbonate and sodium chloride (total concentration 0-30 J), into 
the bulb B of one (with the apparatus horizontal) 10 cc. of a solution of calcium 
chloride, into B of the other 10 cc. of distilled water (neutral). All the solutions 
contained phenolsulphonephthalein as indicator. A CO,-air mixture 
was then passed through both the apparatus, while these were 
rotated, with care to avoid mixing the fluids, for half an hour. The 
stopcocks were closed, the whole warmed to 37°, and finally the 


fluids were mixed by standing the apparatus vertically. The volume ». 
of each apparatus was 130 cc., so that the gas space was 110 cc. It 
is then possible to calculate the change in py resulting from the 
formation of a given amount of CaCQ,. A. 


Suppose that by the formation of CaCO, the CO, content of the 
gas phase is increased by Y millemols, this will increase the CO, 


£ 760 x 310 Y~.x 22 ¥ sg 
( : a Tio =™- Hg. With this increase Fig. 1. 
alo 


pressure at 3 


of pressure there will be an increase of dissolved CO, 

0:53 310 
¥ sea ~ = * 20 millemols in the 20 ce. of fluid. 
ZZ 219 o 


If the HCO, concentration is reduced by X mille-equivalents per litre (that 
is if X/2 millemols of CaCO, are formed), X/2 millemols of CO, are set free 


X 20 X 


per litre of solution, or > 


en sr 20 ec. of solution. This CO, equals 
2 ~ jooo 100 P ™ hiss suas 


the increase of CO, in liquid and gas phases, so that 
X 310.) YY Xx 


ey ae | pea 20 J , a . 
io = Y + 0-024 x S73 X § LILY, or Y= 55 
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t 
iW’ 
760 x 310 


} is 
2 = —mm. Hg = 1-56 mm. Hg. 
Zio 0 ; 


so that increase of CO, pressure 


If X=1, Y= 


[f the initial CO, pressure is 30 mm. Hg, and the initial HCO,~ concentration 
is 0-033 M, the change in py will be 





Now a difference of py of 0-025 between the fluids in the two apparatus can 
be seen easily, so that there can be no difficulty in detecting the change due 
to the formation of less than 0-5 millemol of CaCO, per litre, that is, the 
conversion of 2 mg. of calcium ion per 100 cc. into calcium carbonate. 

In repeated experiments with such pressures of CO, and concentrations 
of bicarbonate, and 10 mg. of Ca per 100 ce. in the final mixture, that is a 
solution highly supersaturated with CaCO,, in one of the tubes we have not 
found any appreciable difference of py until precipitation began, which might 
not be for several days in spite of repeated vigorous shaking. 

In the same way, when CaHPO, or Ca,(PO,), is formed in a phosphate 
mixture containing about 1 millemolar phosphate at pg about 7-4 a still 
greater change of py will occur. We have made solutions of millemolar 
phosphate and calcium chloride (10 mg. calcium per 100 cc.) in 0-9 % sodium 
chloride at about py 7-4, and sealed them in duro-glass tubes. These solutions, 
which were made up sterile, remained without change in py for weeks. 

We therefore conclude that the calcium remains as ion in such super- 
saturated solutions until precipitation occurs. 

The excess of calcium in the protein solution is independent of the bicar- 
bonate and phosphate concentration. At 37° and py 7-3-7-55 

Ca, — ( ag 0-11] 
Oss. Pr 
at higher py the values found for this expression are higher. The values 
found when no buffer was used, Exps. 9 and 10, were higher; this is due to 
the fact that, in order to get the py at the end of dialysis as high as 7-0, 
alkali had to be added at times!, with the result that the actual py during 
the dialysis in these experiments was higher than that found at the end; the 
calcium seems to dialyse out from the protein solutions more slowly than it 
goes in so that the figures found for the calcium distribution in these experi- 
ments are those for a higher py than that found at the end of the dialysis. 
Ca, — Ca, 
Car iPr 
and owing to the variation of temperature; they are definitely lower than those 


at room temperature are irregular for the same reason 





The values for 





found at 37°. 


1 The appearance of a small amount of acid was probably due to the action of the toluene 
on the rubber; it was greater at 37° than at room temperature. 
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The excess of calcium in the protein solutions is far greater than the 
Donnan equilibrium will account for. 

Suppose that the protein-free solution contains 

sodium ion; 155 mg. equivalents per 100 g. water, 

calcium ion; 3 mg. equivalents per 100 g. water, 

chlorine ion; 158 mg. equivalents per 100 g. water, 
and the protein solution 

sodium ion; [Na] mg. equivalents per 100 g. water, 

calcium ion; [Ca] mg. equivalents per 100 g. water, 

chlorine ion; [Cl] mg. equivalents per 100 g. water. 

With protein concentration 5 °% the base combined with protein at py 7-4 
is, according to Van Slyke, Wu and MacLean [1923], approximately 9 mg. 
equivalents per 100 g. water. 

[NaP 158% [Ca] 
155? (CIP 3 


[CaP _ 33x 158 
, 1 


Then [Ca] + [Na] =[C]]+ 9 and 


Therefore [Ca] 155 — ——9=0, 
3 [Ca}? 
whence [Ca] = 3-22. 

Since 100 cc. of the protein-free solution contain practically 100 g. water, 
and 100 ce. of the protein solution only 95g. water [Van Slyke, Wu and 
MacLean, 1923], we find that with a calcium concentration in the external 
fluid of 3 mg. equivalents per litre, or 6 mg. per 100 cc., there will be according 
to the Donnan effect alone 3-22 x 5. = 3-06 mg. equivalents of calcium per 
litre in the protein solution, or 6-12 mg. per 100 cc. That is, the difference of 
concentration produced by the Donnan effect is almost negligible. 

Nor does it seem possible that the difference is due to the effect of the 
greater ionic strength of the protein solution on the activity of the calcium ion. 
In Exp. 7, Table I, the chlorine concentrations in the external fluid and 
protein solutions were 157 and 144 millemolecular. The water in 100 cc. of 
the external fluid was 99 g., of the internal fluid 94-2 g.; so that there were 
158-4 millemols of Cl to 100 g. of water in the external fluid and 152-9 to 
100 g. of water in the protein solution. This last is under 1 % higher than 
would be expected from the Donnan effect (151-7), so that the ionic strength 
of the protein does not reduce the activity of the chlorine ion by more than 
1%, and therefore could not have sufficient effect on the activity of the 
calcium ion to produce the unequal distribution we have found. This distri- 
bution is therefore probably due to the formation of undissociated calcium 
protein compounds, of the formation of which there is other evidence [see 
Greenberg and Schneider, 1926]. 

We therefore consider such solutions containing protein and calcium to 
contain calcium ion, in approximately the same concentration as the protein- 
free fluid against which they were dialysed (slightly higher owing to the 
Donnan effect), and an undissociated calcium protein compound, the amount 
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of which is proportional to the concentration of protein in the protein solution 
and to the concentration of calcium ion in the external solution. If two 
fluids containing calcium in concentrations Ca, and Ca,,, and protein in 
concentration Pr, and Pr, are in equilibrium they will be in equilibrium with 
the same protein-free fluid, so that 

Cay, — Ca, = 0-11 Pr, .Ca,, 
and Cay, — Ca, = 0-11 Pr,.Ca,, 
and for a series of such fluids in equilibrium, if the protein concentration is 
represented by z and the calcium concentration by y, 

er Sh ee ORO Ig sicinse pens sivessanscass@measita (1) 

a straight line which cuts the axis of y in y = Ca,, giving the calcium ion 
concentration of a protein-free solution in equilibrium with these fluids, and, 
approximately, the calcium ion concentration in the protein solutions. 


Table Il. Protein and calcium concentrations in body fluids in five cases 
of heart failure [Salvesen and Linder, 1923] and one normal subject. 


Protein Calcium 
Subject Fluid g. per 100cc. mg. per 100 ce. 

16 a (29. iii. 23) Plasma 6-12 10-4 
Ascitic 2-66 7-5 

ss ‘ Oedema 0:29 6:3 
16 b (6. iv. 23) Plasma 5°72 9-0 
“ 99 Pleural 1-72 6-9 
17 Plasma 5:85 8-5 
- Oedema 0-24 5:8 
18 Plasma 6:24 9-3 
Ascitic 2-24 6-9 

99 Oedema 0:35 5-1 
19 Plasma 6:57 9-8 
> Pleural 1-76 6:8 

2U Plasma 5-95 8-4 
3 Pleural 1-88 5:9 
J. M. Plasma 7-3 10-6 
Blister 4-9 9-1] 


In Table II are given the results of what are practically in vivo dialysis 
experiments, the calcium and protein in body fluids in 5 cases of heart failure 
from the paper of Salvesen and Linder [1923] and in a normal person. In 
Fig. 2 the protein concentration of the fluids is plotted as abscissa and calcium 
content as ordinate. The points obtained lie, within experimental errors, on 
straight lines given by the equation (1) with values of Ca, ranging from 5-0-6-0. 
The distribution of calcium in these fluids is therefore what would be found 
in a series of protein solutions which would be in equilibrium with protein- 
free fluids containing from 5-0 to 6-0 mg. of calcium ion per 100 cc.—the 
concentration of calcium found in the practically protein-free body fluid, 
cerebrospinal fluid. We find therefore that the distribution of calcium in body 
fluids, including cerebrospinal fluid, is such as would occur if they contained 
on an average about 5:5 mg. calcium per 100 cc. as von, and in addition 
undissociated calcium proportional to the protein concentration. 

This is the simplest conception of the distribution found, but evidence 
(which we shall discuss later) derived from the solubility of calcium carbonate 
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suggests that calcium ion cannot exist permanently in these fluids in con- 
centrations above 2-5 to 3 mg. per 100 cc. It is therefore necessary to consider 
the possibility of obtaining the same distribution with a lower calcium ion 
concentration. This would involve a hypothetical diffusible undissociated 





calcium compound Ca X, and an indiffusible undissociated compound Ca Y, 
proportional to the protein concentration—possibly colloidal CaCO, or 
Ca,(PO,), carried by the protein. The distribution in serum might then be 


Ca ion 2-5 mg. per 100 ce. 
Ca X sax siete 3-0 

Ca protein compound 2 a 

Ca Y 3°5 % 

Total oe ms Ae ¥ 


Supposing such a serum were dialysed against a large volume of a fluid 


containing 5:4 mg. of calcium ion per 100 cc., and sufficient bicarbonate and 


1p 
160, AM, 


Calcium mg. per 100 ce. 








Noe 
oo 
&} 
a 
fon) 
N 

a 


Protein g. per 100 ce. 


Fig. 2. Relation between protein and calcium concentration in body fluids. 


phosphate to keep any colloidal CaCO, or Ca,(PO,), from dissolving, we 


should get: 
External fluid 
Ca ion cv bay 5-4 mg. per 100 ce. 


Serum 


Ca ion bs ood 5-5 mg. per 100 cc. 
Ca protein compound 4-0) Be sa 
Ca Y =~ << we ~ 

Total ist es: Oe. es a 


that is, the total calcium in the serum would definitely increase. Even if the 
original distribution in the serum were 
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Ca ion one -. 2-5 mg. per 100 cc. 
Ca X a eee ts | me 
Ca protein compound 2-0 ae cS 
Ca Y a 5c Oo 55 5s 
Total en ac BO = 


which would give a higher value for the calcium content of protein-free 
fluids than is ever found, the serum would not lose calcium on dialysis against 
a fluid with 5-4 mg. of calcium ion per 100 ce. 


Table III. Result of dialysing serum and plasma against large volumes 
of solutions of calcium ion. 


Internal fluid 


ie aes 
‘Protein Protein Calcium Calcium External fluid 

before after before after ———— VW ———, 
dialysis dialysis dialysis dialysis Calcium HCO,- P 

g. per g.per mg. per mg. per mg. per Mol. Mol. 

Subject 100 ce. 100 ce. 100 ce. 100 ce. Pu 100 ce. x 16° x 108 

1 G. D. T. serum 77 7:7 11-2 11-0 7-45 5-4 30 0-4 
2 G. D. T. plasma 76 7-6 11-4 11-3 7-30 5-4 30 0-4 
3 J. M. serum 7:3 7:3 10-65 9-2 7-45 5-0 30 0-4 
4 J. M. plasma 7:3 7:25 10-55 9-2 7-45 4-9 30 1-0 
5 J. M. serum 7-4 74 10-8 11-8 7:70 6-56 32 0-4 


We therefore tried this experiment with normal serum and heparin plasma 
(Table III). Since calcium carbonate appears to be more soluble at room 
temperature than at 37° [Kugelmass and Shohl, 1924] it was necessary 
not to let the blood cool, for if it did colloidal CaCO,, if present, might dissolve 
and remain in supersaturated solution on reheating. We therefore maintained 
the blood, and plasma or serum separated from it, at 37° + 2° throughout. 
The dialysis which lasted 24 hours was performed in an incubator, using about 
4 cc. of serum or plasma and 500 cc. of external solution in a duro-glass flask. 
Toluene was added to check bacteria and precautions were taken to avoid 
contamination; there was no suggestion of bacterial growth. The collodion 
membranes used in these experiments, especially 1 and 2, were less permeable 
than usual, ensuring that no loss of protein took place; they were permeable 
to glucose but not to phenolsulphonephthalein. The external flask was not 
shaken or stirred. In Exps. 1, 2, 3 and 5 the phosphate concentration was 
that found in cerebrospinal fluid; this is lower than that in serum but since 
the solubility product of Ca,(PO,). was exceeded, any colloidal Ca,(PO,), 
present in the serum or plasma would not have dissolved; from Exps. 3 and 4 
we see that the phosphate concentration made no difference. 

In Exps. 1 and 2 we find no increase of calcium in the serum or plasma, 
but a slight loss; although it is probable that final equilibrium was not obtained 
in these experiments, the change that took place is in the opposite direction 
to that which would have happened if a compound such as Ca Y were present. 
In Exps. 3, 4 and 5 we find a distribution of calcium such as would be accounted 
for by the protein alone according to equation (1); if any such compound as 
Ca Y were present the final concentration of calcium in these sera should have 
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been higher; these three experiments give as the value for the calcium ion 
concentration of a protein-free fluid which would be in equilibrium with the 
serum, 5:8 mg. per 100 cc. in agreement with that inferred from the experi- 
ments on J. M. (Table II and Fig. 2). These experiments therefore show that 
there is no such compound as Ca Y, and if such a compound is not present we 
have to fall back on the simpler explanation that the body fluids contain from 
5 to 6 mg. of calcium ion per 100 cc. together with un-ionised calcium pro- 
portional to the protein concentration. 

The calcium of cerebrospinal fluid is then all in the form of ion, and gives 
an approximate figure for the calcium ion concentration in other body fluids, 
slightly low owing to the Donnan effect and possibly to reduction of calcium 


ion activity by protein. 


(2) Sotusriiry or Catctum CARBONATE AND CALCIUM PHOSPHATE. 
If the calcium ion concentration in body fluids, for example cerebrospinal 
fluid, is as high as we have concluded, the solubility products of CaCO,, as 
generally accepted, and of Ca,(PO,), [Holt, La Mer and Chown, 1925] are 
exceeded. This would mean that the fluids are in unstable equilibrium and 
calcium carbonate and phosphate should in time precipitate from them, more 
especially in the presence of the solid calcium carbonate: and phosphate of 
bone. With respect to Ca,(PO,)., Holt, La Mer and Chown [1925] and Holt 
[1925] have shown that serum and cerebrospinal fluid are supersaturated’. 
However CaCO, separates out from supersaturated solutions more readily than 
does Ca,(PO,),; it is therefore necessary to consider the question in relation 
to CaCO, also. 
From the equation Ca++ + CO,-- = CaCO, we get 
Soatr+ [Catt] x f 10,-- [CO3-~] = Ky foaco, [CaCO,] = K,c ......(2), 
when the fluid is saturated with CaCO,. 
And from H+ + CO,-- = HCO,- we get 
fut [H*] X foo, [CO3--] = Ke faco,- [HCO,-] ..........00++. (3) 
where fo,++, Su+, Sco,--> faco,- 204 fcoaco, are the activity coefficients of 
Ca++, H+, CO,--, HCO,-, and CaCO,. 
From (2) and (3) 
fet) = Bae, ct 
kK, [HCO 3] Sea x fucos- 
_ [Ca**][HCO-,] Kye 1 3 
Sut - [| H*] Ky, I ‘a A Suco;- 
iquation (4) gives the concentration of calcium ion that can exist in 
solution in stable equilibrium in presence of solid CaCOg, in terms of quantities 


or F 


* These results would probably be equally well explained by the supposition that calcium 
phosphate was present in the fluids in colloidal solution and separated out on prolonged shaking 
with Ca,(PO,),. 
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that can be measured—hydrogen ion activity (usually called hydrogen ion 
concentration), and concentration of HCO,~ (equal to the total bicarbonate 


Kye 
— and two terms fca++ and fyco,- 


Ky 


which vary with the ionic strength of the solution. Equation (5) also gives 


concentration), and bringing in a constant 


the expression F, which is equivalent to a solubility product, in terms of the 
constant and fy,++ and fyco,-- 

This is the form of equation required by the theories of complete dissocia- 
tion of strong electrolytes and the mutual effects of ions, which are found to 
agree better with the observed solubility products of salts than the older 
theory of incomplete dissociation, neglecting the mutual effect of ions. Now 
the estimations of F at 38° of Kugelmass and Shohl [1924] were made without 
the addition of salt to make the total ion concentration up to that found in 
body fluids. If the relations between activity coefficient and ionic strength! 
found by Bronsted and La Mer [1924], log f = — 0-49v? Vu, continue to hold 
at the higher concentrations with which we have to deal, the value of F should 
be four times as great at the ionic strength of body fluids as at the ionic 
strengths in the experiments of Kugelmass and Shohl; this would allow a 
calcium ion concentration such as we suppose to be present in cerebrospinal 
fluid. We have therefore estimated the value of F with varying ionic strengths 


(Table IV). 


Table IV. Solubility relations of calcium carbonate in presence of other salts. 








K Mg P  HCO-, No. of 

Expt. y Cl Mol. Mol. Mol. Mol. Ca days 

No. BB Niu Mol. x 10% x 103 x 103 x 10% 103 Py Mol.x10* log F F shaken 
1 0-077 0-28 48-7 0 0 0 27°3 7-31 5°30 2-46 288 ] 
3 0-0875 0-30 60-5 0 0 0 26-0 7:38 4-65 2-46 288 2 
3 0-093 0-31 52-0 0 0 0 40-2 Te 2-54 2-51 324 l 
4 0-114 0-34 85-5 0 0 0 27-2 a 4-80 2-46 289 3 
5 0-143 0:38 115-0 0 0 0 27-5 T° 5:33 2-54 345 2 
6 0-143 0:38 116-0 0 0 0 26°8 7: 5-48 2-515 328 2 
7 0-145 0-38 117-0 0 0 0 26-5 6-80 2-60 399 4 
8 0-145 0:38 117-0 0 0 0 27:0 7: 6-95 2-62 417 a 
9 0-1615 0-40 131-6 0 0 0 28°5 ; 7-40 2-64 437 ] 
10 0-164 0-405 133-6 0 0 0 28-7 7°32 7-2 2-635 432 ] 
ll 0-180 0-425 154°5 0 0 0 23°5 7-24 9-9 2-61 408 ] 
12 0-159 0-40 134-0 5 2 0 22-7 7-32 11-1 2-72 525 l 
13 0-159 0-40 133-0 5 ve 0 23°3 7-41 10-6 2-77 589 ] 
14 0-162 0-40 135-0 5 2 0 24-0 7:27 =13-45 2-78 603 3 
15* 0-169 0-41 135-0 5 2 0 30-0 7-37 22-3 -- —_ l 
16* 0-161 0-40 129-0 0 0 0 30°8 7:35 13-3 — — 2 
17 0-160 0-40 131-0 5 2 5 25-0 749 30-0 — — 3 
18 0-157 0-40 128-0 5 2 5 25-0 7°37 15-2 — - 3 
19 0-165 0-405 134-0 5 2 5 27-0 7-445 30-0 — — 2 
20 0-165 0-405 135-0 5 2 10 24-5 7-42 25-6 _ — ] 
21 0-165 0-405 135-0 5 2 16:7 26-0 7-37 27-9 - — 3 


* In Exps. 15 and 16, 0-1 ce. of serum was added to the bicarbonate solution used. 


1 Tonic strength of solution 
=} (myv,? + m2? +...) 


where m,, m, are the molar concentrations, and v,, v, the valencies of the ions in the solution. 
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Methods. 










10 cc. of a solution containing sodium bicarbonate and the other salts 
used to make up the ionic strength with phenolsulphonephthalein as indicator 
were placed in a duro-glass test-tube, and a CO,-air mixture passed through 





it, then 10 ce. of a solution of CaCl, through which the same gas mixture had 
been passed were added, and finally solid calcite dropped in; the gas mixture 
was passed through again after each addition. Finally the entrance and exit 
tubes were closed and the stopper sealed in with paraffin wax. The tubes 
were then placed in a water-bath at 37° and shaken continuously. After 


anette 


shaking py was estimated by comparison with phosphate standards, warmed 
to 37°; 0-03 was subtracted from the observed value to allow for the effect 























0-1 0-2 0:3 0-4 
[Ca++] [HCO,-] 
f+ [H*] 





Fig. 3. Fig. 4. Relation between F and ionic strength. 
of heating on the py of the standards [Hastings and Sendroy, 1924]; when 
the ionic strength was about 0-80, 0-04 was added to the py to correct for the 
effect of ionic strength on the indicator, and at ionic strengths between this 
and 0-155 corresponding corrections were made [Martin and Lepper, 1926]. 
The tubes were connected with a centrifuge tube and mercury reservoir as 
shown in Fig. 3, and the gas and then the fluid forced into the centrifuge tube; 
the fluid was thus collected in the centrifuge tube under its own gas mixture 
and loss of CO, was avoided. To avoid excessive cooling the mercury was used 
warm. The fluids were then rapidly centrifuged and calcium and bicarbonate 
estimated in them at once; calcium as before, and bicarbonate by the titration 
method of Van Slyke [1922]. In Exp. 19, in which we wished to detect a 





a 


gre eer 
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change of reaction should any occur, we used the apparatus shown in Fig. 1, 
filled according to the technique described on p. 582; the fluid was removed 
and analysed as above. The chloride concentration was also estimated. 
Fig. 4 shows /u plotted as abscissa and log F as ordinate; we have inserted 
the values of F found by Kugelmass and Shohl recalculated on the supposition 
that the salts are fully dissociated. The increase of F with increasing ionic 
strength is less than would be found if the formula — log f = 0-49v? / was 
correct at the concentration used. This formula would give the line A,A,. 
The values for activity coefficient given by Lewis and Randall [1923], line 
B,B,, fit our results fairly well. 

The practical result of these experiments, from the point of view of our 
problem, is that although the value we find for F at the ionic strength of 
body fluids is much higher than that found by Kugelmass and Shohl at lower 
ionic strengths, still it gives lower concentration of Ca ion, at the hydrogen 
ion activity and bicarbonate concentration of cerebrospinal fluid, than our 
dialysis experiment would lead us to suppose present (2-7 mg. per 100 ce. 
instead of 5 to 6 mg.). 

When in similar experiments magnesium and potassium also were added 
rather higher values for F were obtained; when small quantities of protein 
salts also were added higher values still were obtained, but this was probably 
due to delay only, as some precipitation always took place. When however 
phosphate was added there was no precipitation with much higher values of F. 
This does not appear to be due to delay merely, as without phosphate present 
the precipitation appeared to take place, to a great extent, directly the calcite 
was added, while in these experiments no precipitation occurred after 2 days’ 
shaking. The absence of precipitation was not due to the formation of 
colloidal calcium phosphate, for in Exp. 19 with 0-0005 WM phosphate the 
whole phosphate present could only hold up 0-00075 MW calcium leaving in 
solution 0-00225 M calcium, which still would give much higher values for 
F than we had found in experiments without phosphate present. Nor was 
the calcium in the form of colloidal CaCO, since there was no change in py. 

The increase of F in the presence of phosphate brings us to another aspect 
of the question. The values for F that have been applied to this question of 
calcium in body fluids have been obtained by experiments with calcite as the 
solid phase, but there is no evidence that calcite exists in the body. The 
valcium carbonate which, according to Bassett [1917], is probably present in 
bone as such, is apparently in an amorphous form which is more soluble than 
calcite; this will alter the value of ¢ in equation (5), and allow correspondingly 
higher values of F. It is possible that the presence of phosphate interferes 
in some way with the formation of crystalline calcite, and leads to the failure 
of precipitation found in our experiments. 

We have deduced from theoretical considerations and found experimentally 
that the nearer approach to body conditions with regard to ionic strength of 
the fluid leads to higher values of F and allows higher calcium ion concentra- 
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tion; experimentally, we have evidence that by more nearly approaching body 
conditions by making the composition of the salt mixture the same as found 
in body fluids still higher values are obtained. We conclude that the arguments 
based on the insolubility of CaCO, and Ca,(PO,), which have been employed 
to give an upper limit to possible concentration of calcium ion in body fluids, 
are not applicable to body conditions, and therefore do not invalidate our 
deduction from other considerations that body fluids contain from 5 to 6 mg. 
calcium ion per 100 ce. 

We do not propose to discuss the work of Brinkman and Van Dan, as it 
has been dealt with by Schulten [1926]; owing to supersaturation with 
calcium oxalate the values for calcium ion obtained by this method are too low. 


DISCUSSION. 


If the calcium ion concentration in body fluids were expressed by equation 
(5), a very satisfactory explanation of the tetany of alkalosis would follow. 
The bulk of evidence indicates that the tetany following parathyroidectomy 
is due to reduction of total calcium, and it would agree well with this if the 
tetany of alkalosis could be considered to be due to the reduction of calcium 
ion concentration consequent on the reduction of the ratio H+/HCO,-. Our 
conclusions however will not admit this attractive theory, more especially 
in the case of hyperpnoea tetany, in which the tetany comes on in about 
10 minutes; now we have shown in Exp. 19, Table IV, that reduction of 
-alcium ion concentration to values in agreement with equation (5) does not 
take place in fluids resembling body fluids in 2 days, if at all; it is there- 
fore improbable that such reduction of Ca ion concentration can take place 
sufficiently rapidly in the body to account for the onset of hyperpnoea tetany, 
even if it occur in time with prolonged alkalosis. 

One of the most plausible theories of the cause of epilepsy is that advanced 
by Bigwood [1924], that a slight alkalosis results in reduction of calcium ion 
concentration which, acting presumably on a hyperexcitable cortex, causes 
the fits. This theory also must be rejected if our conclusions are correct. 

However we have found that a reduction of hydrogen ion concentration 
leads to an increase of calcium combined in an un-ionised form with protein; 
this would account for the increase of total serum calcium found by Stewart 
and Haldane [1924]—an increase of calcium in the protein-rich serum at the 
expense of fluids of lower protein concentration. This increase of calcium 
protein compound would be associated, temporarily at any rate, with a reduc- 
tion of calcium ion, but the reduction would be much less than that which 
would occur if equation (5) were followed. Thus a change of py from 7-4 to 
7-8 would, if equation (5) were applicable, produce a reduction of calcium ion 
concentration of 60%; while such a change of py would, as a result of the 
increase of the calcium protein compound, produce in serum alone a reduction 
of calcium ion from 5-4 to 4-5 mg. per 100 cc; with other fluids, containing 
less protein to draw upon, the reduction of calcium ion would be less. It is 
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however possible that this effect may contribute to the production of hyper- 
pnoea tetany. 

The work of Salvesen and Linder [1923] indicates that it is the concentra- 
tion of calcium uncombined with protein, which we consider to be calcium 
ion, that is kept constant in body fluids. In chronic alkalosis therefore we 
might expect that there would be no reduction of calcium ion, in spite of the 
increased amount of calcium combined with protein, since excretion would be 
reduced or absorption increased to make up the deficiency of ion. We should 
expect therefore that the chronic slight alkalosis found by Bigwood could not 
lead to a reduction of calcium ion concentration; this is borne out by the 
normal concentrations of calcium in the cerebrospinal fluid of epileptics found 
by Hamilton [1925]; for, as we have shown, the calcium in the cerebrospinal 
fluid is wholly ionised and approximately equal to the calcium ion concen- 
tration in other body fluids. 

The un-ionised calcium protein compound is the so-called indiffusible 
calcium in serum. The values usually found for it are lower than would be 
found at body temperature, since most estimations of indiffusible calcium 
have been made at room temperature. However, the formula used for 
calculating the percentage of diffusible calcium 


_ (Ca in external fluid after dialysis) — (Ca in external fluid before dialysis) _ 100 
eae i Original Ca in serum oe ee 
is incorrect as it assumes that the calcium protein compound remains constant 


with varying calcium ion concentrations. 


SUMMARY. 


(1) Calcium forms an un-ionised compound with proteins; the formation 
of this compound accounts for the so-called indiffusible calcium of serum. 


(2) The calcium of body fluids is partly in the form of calcium ion, partly 


in the form of un-ionised protein compound. The calcium ion concentration 
of plasma is slightly higher than the calcium concentration of cerebrospinal 


fluid. 


(3) The calcium ion concentration of body fluids is not regulated by the 
solubility of calcium carbonate and calcium phosphate. 


(4) Epilepsy is not caused by a reduction of calcium ion concentration in 


body fluids. 
[Cat] [HCO,-]. 


(5) The value of the expression 7a (H*] ~ in solutions saturated with 
Jul 





calcite increases with increasing ionic strength of the solution. 


The expenses of this work were in part defrayed by the London Hospital 
Fund for the study of convulsive states. 
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LXXVIII.. A NOTE ON THE REDUCING 
SUBSTANCES FOUND IN ALCOHOLIC 
EXTRACTS OF BRAIN. 
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AnD BARBARA ELIZABETH HOLMES. 


From the Biochemical Laboratory, Cambridge. 
(Received March 20th, 1926.) 


IN a previous communication [B. E. and E. G. Holmes, 1925] reference was 
made to reducing substances which were extracted from brain tissue with 
dilute alcohol. For reasons stated in the original paper, it was believed that 
little, or none, of this reducing substance was glucose. Some of it appeared 
to be pentose, and it was observed that the reducing value increased after 
hydrolysis for one hour with 5 % of strong hydrochloric acid, but beyond this 
no evidence as to its nature was then available. 

As a result of further work certain additional information is available, 
which, though so far insufficient completely to make clear the nature of the 
substances involved, yet seems worth recording in view of its bearing upon 
the Hagedorn and Jensen micro-method for sugar. 

For the original experiments, rabbits were used. The yield of reducing 
substance obtainable from a rabbit’s brain is extremely small, and it was 
necessary, for the sake of economy, to use sheep’s brains for the work here 
described. 

Details of the method of alcoholic extraction have already been given. 
In the present instance, as some time necessarily elapsed before the brains 
could be brought from the slaughter-house, they were treated with alcohol 
without freezing. Fifty sheep’s brains (about 5 kg. of tissue, wet weight) were 
gradually worked up. The final aqueous extract, amounting to several litres, 
was concentrated in vacuo at 40°. Much inorganic material was removed by 
the addition of alcohol, which procedure was found to involve no material 
loss of reducing substance. 

Finally, 800 cc. of alcoholic extract (alcohol about 80 %) were obtained, 
the reducing value of which, by the method of Hagedorn and Jensen [1923], 
was equivalent to about 1 g. of glucose before hydrolysis, and about 1-4 g. 
after hydrolysis. 

At this stage, Sir F. G. Hopkins was good enough to undertake an investi- 
gation of the material. The alcohol was distilled off under reduced pressure 
and the residue dissolved in water. The aqueous solution gave a copious 
precipitate with phosphotungstic acid. This precipitate was filtered off and 
decomposed with baryta. The filtrate from the barium phosphotungstate 
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yielded, on evaporation, a crop of crystals. These were purified by recrys- 
tallisation from water and alcohol. They reacted positively to the Weyl and 
Jaffé tests, and formed a crystalline picrate. Although more exhaustive 
measures for identification were not employed, it seems quite clear that the 





material was creatinine. 

Creatine has been described as occurring in brain by Beker [1913], Janney 
and Blatherwick [1915], and Harding and Eagles [1924], while Hammett 
[1923] has observed that brain contains an enzyme which can convert creatine 
into creatinine. Creatinine, and not creatine, was identified. Creatine is not 
precipitated by phosphotungstic acid, and would therefore remain in the 
first filtrate. On the other hand, the aqueous extracts are always acid in 
reaction, and were necessarily stored (in the refrigerator) for some time; the 
alcoholic extract, also, was acid, and was stored at room temperature. Creatine 
would, in these circumstances, tend to be converted into its anhydride. 

Since our first paper was written, further experiments have been performed 
on the reducing properties of brain extracts. It was repeatedly observed that 
if, for any sample of extract, different volumes of fluid, e.g. 1 cc. and 2 cc., 
were used for successive sets of estimations, the results for amount of reducing 
substance (as glucose), calculated for 100 cc. of fluid, did not agree. This 
suggested the construction of a “reduction curve” for the’extract, which was 
done by plotting cubic centimetres of fluid taken against reducing substance 
found, the latter calculated as glucose. 

Such a curve is not a straight line, but tends to fall away as the amount 
of extract taken for each estimation increases. For instance, 0-25 ce. of a 
certain sample gave a value of 26-4 mg. of reducing substance per 100 cc., 
while 1-5 cc. gave a corresponding value of only 20-0. 

The reduction curves which we determined for galactose, maltose, lactose, 
xylose and arabinose were all straight lines, though they differed, of course, 
from that of glucose. 


“4 
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ance as glucose 
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Mg. reducing subst 


Mg. 
Fig. 1. 
The curve given by pure creatinine, on the other hand, has the form shown 
in Fig. 1 (A), and falls away quite sharply as the concentration of creatinine 
increases. Creatine (Fig. 1 (B)) also behaves to the Hagedorn reagents as a 
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reducing substance, though less markedly than does creatinine. It seems 
reasonable to suppose that part, at least, of the reducing value of the extracts 
was due to creatine and creatinine, and that the rise on hydrolysis was 
occasioned by the conversion of the former into the latter. Fig. 1 (C) shows 
the reduction curve of creatine after being subjected to the treatment em- 
ployed to hydrolyse the brain extracts. 

A further circumstance no doubt contributed to the observed rise in 
reducing power of the brain extracts. In the earlier experiments a measured 
amount, e.g. 5 cc., of the hydrolysed extract was neutralised with soda from 
a burette, and 2 cc. of the neutralised (and therefore diluted) fluid was used 
for each estimation, the total reducing power being calculated from the 
volume of fluid that would have resulted, had the whole been neutralised. 
Evidently, this dilution alone would have caused an apparent rise in reducing 
value. Since a large rise persists even when this factor is eliminated by 
adding soda to each 2 cc. of hydrolysed extract separately, in the estimation 
flasks, it cannot have been by any means the chief factor. 

The filtrate from the phosphotungstic acid still contains reducing sub- 
stances, all of which, we have reason to believe, is not creatine. We hope 
shortly to publish certain other evidence on this point which is becoming 
available. The bearing of this work on the question of the application of 
micro-methods of sugar estimation to tissue extracts is sufficiently obvious. 
In this case, the shape of the reduction curve renders the application of a 
correction for creatinine extremely difficult, while the conversion of creatine 
into creatinine by heating with acid gives results which simulate the hydro- 


lysis of a di- or poly-saccharide. 


SUMMARY. 


1. Creatine and creatinine both function as reducing agents towards the 
Hagedorn and Jensen reagents, creatinine more strongly than creatine. 

2. Their reduction curves, unlike those of several carbohydrates tested, 
are not straight lines. 

3. Creatinine has been identified as a constituent of alcoholic brain 
extracts. The conversion of creatine into creatinine gives results that simulate 
the hydrolysis of a di- or poly-saccharide. 


One of us [B. E. H.] is in receipt of a grant from the Medical Research 


Council. 
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LXXIX. STUDIES IN THE SULPHUR 
METABOLISM OF THE DOG. 


III. THE EFFECT OF BENZENE AND OF SOME DERI- 
VATIVES OF BENZENE ON SULPHUR METABOLISM. 
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(Received May Ist, 1926.) 


THE story of the discovery of the mercapturic acids is an interesting one and 
is closely linked with the story of the discovery of the conjugated glycuronic 
acids. 

Steinauer [1874] made the observation that when monobromobenzene was 
administered to rabbits, the bromine was excreted not in the-form of inorganic 
bromide but apparently in some organic combination such as bromophenol. 

In 1875 von Mering and Musculus [1875] isolated from the urine of animals 
poisoned with chloral hydrate a compound which reduced copper oxide and 
rotated the plane of polarised light towards the left. This substance they 
named “Uro-chloralsiure.” In the following year Baumann [1876] isolated 
from horse’s urine potassium phenyl sulphate and about the same time ob- 
served strong optical and reducing properties in the urine of animals taking 
benzene and benzene derivatives. Wiedemann [1876] prepared a substance 
with optical and reducing properties from the urine of dogs, receiving camphor 
by the mouth. Jaffe [1878] isolated a compound, which he believed to be a 
glucoside of o-nitrobenzoic acid, from the urine of animals which had been 
given o-nitrotoluene by the mouth. 

In order to identify the many products, including those optically active, 
of the metabolism of benzene and of phenol, Baumann in conjunction with 
Preusse [1879], acting on Steinauer’s observation, decided to make use of 
monobromobenzene rather than benzene, as the bromine offered an oppor- 
tunity of tracing the unknown substance through the several stages of isola- 
tion. Jaffe [1879] received a verbal communication from Baumann to the 
effect that the administration of monobromobenzene to dogs produced an 
optically active substance in the urine and therefore decided to investigate 
this substance in order to discover whether it was in any way related to the 
compound produced from o-nitrotoluene. Actually Schmiedeberg and Meyer 
[1879] were the first to determine the constitution of the optically active 
substance (a conjugated glycuronic acid) excreted under such conditions, 
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when they isolated and determined the formulae for «- and B-camphogly- 
curonic acids. The work however of Baumann and Preusse [1879] with 
monobromobenzene and of Jaffe [1879] with monobromobenzene and mono- 
chlorobenzene led to the discovery of the mercapturic acids. 

There is no indication in any of Baumann’s papers that he considered the 
metabolism of monobromobenzene to be different from that of benzene and 
of some other benzene derivatives, though he failed to isolate a mercapturic 
acid from any substance other than monobromobenzene [Baumann and 
Preusse, 1879, 1881], monochlorobenzene [Baumann, 1883] and monoiodo- 
benzene [Baumann and Schmitz, 1895]. From certain tests Baumann [1883] 
considered that the monohalogen-naphthalenes and o-dichlorobenzene but 
not m- or p-dichlorobenzene or the chlorotoluenes gave rise to mercapturic 
acids. 

The present communication is concerned with the effect of benzene, 
toluene, o- and m-dichlorobenzene, o-chlorotoluene and potassium phenyl 
sulphate on the sulphur metabolism of the dog. From the data presented 
conclusions have been drawn as to whether mercapturic acids are formed from 
these substances or not. The rate of excretion of the halogen in the case of 
the halogen compounds has also been compared with that of the sulphur. 


).XPERIMENTAL. 


The methods employed in the research were identical with those described 
in the earlier papers of this series [Hele, 1924, 1] and in addition the total 
halogen and inorganic halide were estimated in the urine, the difference giving 
the amount of halogen in “organic” combination. For the estimation of 
total halogen many methods were tried. Oxidation with sodium peroxide, 
as used in the estimation of sulphur by Folin [1905], was found to give the 
most consistent results. The inorganic halide formed was estimated by 
Volhard’s method. This procedure was worked out chiefly with p-chloro- and 
»-bromophenol, the average error being 3%. Chloro- and bromobenzene 
are so volatile that they cannot be estimated in this way, about 80 % being 
lost during the reaction with the peroxide. There is however no reason to 
suppose that these substances are excreted in the urine. In these experiments 
the chloro-derivatives were used. All the chemicals administered were ob- 
tained from Kahlbaum and were pure with the exception of the potassium 
phenyl sulphate, which contained a little free phenol. 

Seven experiments were carried out, each experiment lasting from 15 to 
32 days. These were in every way similar to those described in the second 
paper of this series [Hele, 1924, 2]. The dogs, with two exceptions (“ Diana” 
and “‘ Patricia”), were the same. “‘Phoena,” “Sophia!” and “Vixen” received 


1 “Sophia.” In experiment 7 [Hele, 1924, 2] there is a typographical error. The total sulphur 
of the diet is given as 0-309 g. This should be 0-319 g. The calculations are however based on 


the correct figure. 











600 E. H. CALLOW AND T. S. HELE 


the diets already described. “Patricia,” weighing 6-8 kg., was given the same 
diet as “Vixen.” “Diana,” weighing 8-8 kg., received the following diet: 





cise T.S. Calories 
g. g. K 
Lean meat: 100 g. 3-41 0-226 133 
Suet: 30 g. 0-22 0-015 234 
Biscuit: 50 g. 0-55 0-063 303 
Milk: 100 ce. 0-52 0-046 72 
Total 4-70 0-350 742 


In this paper full experimental details have been omitted, but the results 
have been summarised in the table, the terms being the same as those em- 
ployed previously. The doses of the compounds administered were usually 
one-hundredth or multiples of one-hundredth of the gram-molecular weight. 
The compounds were given by the mouth in single and not repeated doses save 
in Exp. 11, Paper 2, when monochlorobenzene was given daily for five days. 
In order to show the similarity in the actions of monochlorobenzene, benzene 
and o- and m-dichlorobenzene, parts of Exps. 5 and 6 have been shown dia- 
grammatically (Figs. 1, 2, 3). In these diagrams the daily output of total 
nitrogen, neutral sulphur and ethereal sulphate (expressed as N and 8) and 
the ratio of total sulphur to total nitrogen, expressed as a percentage of the 
nitrogen, have been shown. However, in order to simplify the diagrams, the 
output of inorganic sulphate has not been shown. The form of the curve 
may be readily deduced from the other curves. Following the administration 
of each substance the inorganic sulphate fell to zero or almost to zero as the 
other sulphur fractions rose, returning to normal afterwards. The correspond- 
ence between the output of halogen in “organic” combination expressed in 
terms of equivalent sulphur and the “extra” sulphur for certain experiments 
has been shown in Figs. 4 to 9. The other experiments showed similar features. 

Monochlorobenzene. This compound was given only in three experiments. 
The effect on metabolism was identical with that already described [ Hele, 
1924, 2]. The “organic ’chlorine was equivalent within the limits of experi- 
mental error to the total “extra” sulphur excreted in the ethereal sulphate 
and neutral sulphur fractions, reckoning the equivalents on the amounts of 
chlorine and sulphur in p-chlorophenyl sulphate and p-chlorophenylmer- 
capturic acid. Analyses have also been given for the total “organic” chlorine 
and “extra” sulphur excreted daily from April 13 to April 18 in Exp. 11, 
Paper IT [ Hele, 1924, 2] (see Table and Figs. 1, 4, 7 on pp. 602 and 603 of the 
present paper). 

Benzene. This compound was administered on four occasions, three dogs 
being used. The metabolism of benzene was found to be very similar to that 
of monochlorobenzene. There was an immediate rise in the output of sulphur 
with a rise in the sulphur /nitrogen ratio and a compensatory fall afterwards. 
3enzene, like monochlorobenzene, hastens the metabolism of sulphur and the 
nitrogen of the catabolised protein is excreted later. There was also a rise in 
both the neutral sulphur and in the ethereal sulphate excreted. The relation 
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between the “extra” amounts of these fractions was rather different from 
that observed with monochlorobenzene. Of the “extra” sulphur excreted 
about 55 % in one dog and about 75 % in the other dogs was in the form of 
ethereal sulphate and the balance in the form of neutral sulphur, that is to 
say the ratio 
“Extra” eth.SO, on E 
“Extra” eth. SO,+‘‘ Extra” neut. S E+NS 

was about 55% or 75%. The phenol ratio or the ratio ae was 
about 60 %, rather greater than that observed for monochlorobenzene. As 
calculated from the “extra” sulphur only 40 °% of the benzene administered 
was excreted in combination with sulphur. The rise in the output of neutral 
sulphur corresponded to only 6 to 18 % of the dose, the percentage varying 
with the dog used. These low yields (as compared with those from mono- 
chlorobenzene) might easily account for the fact that a mercapturic acid has 
never been isolated from benzene urines, though the similarity in the meta- 
bolism of this substance with that of monochlorobenzene would suggest that 
such a mercapturic acid exists (Table, Fig. 2). 

0-Dichlorobenzene. This compound was administered on four occasions. 
There was a close similarity between the action of this compound and that of 
monochlorobenzene, shown by the changes in the sulphur/nitrogen ratio and 
in the values for the woHe and for the phenol ratios (Fig. 2). o-Dichloro- 
benzene contains two atoms of chlorine and therefore by analogy with mono- 
chlorobenzene the excreted products should contain one atom of sulphur for 
every two atoms of chlorine. It was found convenient to express the “organic” 
chlorine in terms of equivalent sulphur, in proportion of two atoms of chlorine 
to one of sulphur. This has been done in the table and in Figs. 5 and 8. With 
the exception of one dog, “Sophia” (Fig. 5), there was very close agreement 
between the actual “extra” sulphur and the equivalent sulphur of the 
“organic” chlorine. 

m-Dichlorobenzene. This compound was administered on three occasions. 
The metabolism of this substance resembles that of the ortho-compound 
(Table, Figs. 3, 6, 9). 

Toluene and o-chlorotoluene. Single doses of these substances were ad- 
ministered. The very small rises in the sulphur fractions of the urine could 
not be regarded as significant (Table). 

Potassium phenyl sulphate. This substance was administered on one 
occasion. There was no rise in the neutral sulphur of the urine. The rise in 


the ethereal sulphate corresponded to 99 °% of the dose (Table). 


DIscUSSION. 


The similarity in the effect on the sulphur metabolism of benzene and of 
o- and m-dichlorobenzene, as compared with that of monochlorobenzene, is 
highly suggestive of the formation of mercapturic acids in these cases. From 
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the sulphur analyses of the urine it would appear that the yield of mer- 
capturic acid from m-dichlorobenzene should be about the same as that from 
monochlorobenzene whilst the yield from o-dichlorobenzene should be slightly 
less and the yield from benzene should be very much less. Toluene and 
o-chlorotoluene show no indication of mercapturic acid formation as would 
be expected, these compounds after oxidation readily combining with glycine. 
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compounds under discussion was excreted as a simple conjugated glycuronic 
acid, a remarkable fact if true. It must be remembered of course that mer- 
capturic acid is itself excreted in combination with glycuronic acid [Baumann 
and Preusse, 1881; Baumann, 1883], so that the fact that glycuronic acid 
occurs in the urine after the administration of the halogen benzenes does not 
necessarily mean that a phenylglycuronic acid is excreted. It is highly pro- 
bable, however, that Steinauer [1874] was incorrect when he stated that no 
bromine was liberated from the benzene nucleus during the metabolism of 
monobromobenzene. Any bromide formed would be excreted slowly and 
therefore in low concentration, so that its presence in the urine might be 
missed. If the liberation of the halogen is associated with the destruction of 
the benzene ring, the argument given above would not be affected. But if 
the benzene nucleus remains intact and appears in the urine in the form of 
phenol or of polyphenols without the halogen, then part of the ethereal sul- 
phate would be halogen-free and the correspondence between the excreted 
“organic” chlorine and the “extra” sulphur would be accidental. The large 
daily fluctuations in the output of inorganic chloride in these experiments 
made it quite impossible to say whether any of the excreted chloride was 
derived from the compounds administered. 

Two further difficulties arise. In one of the dogs, “Sophia,” the “organic” 
chlorine excreted was in excess of the amount required to correspond with the 
“extra” sulphur, following the administration of o- and m-dichlorobenzene 
(Figs. 5, 6), as though some of the chlorophenols formed were converted into 
conjugated glycuronic acids. This dog was also exceptional in that benzene 
produced a greater increase in the output of neutral sulphur, as compared 
with other dogs. Further, in all experiments, the phenol ratio, determined by 
the colorimetric method of Folin and Denis [1915, 1916], showed that about 
40 °%, of the phenol excreted was excreted free. If this figure is to be accepted, 
it is clear that the “organic” chlorine was too low to account for the free 
phenol as well as the conjugated phenols and the mercapturic acid. The cause 
of these discrepancies is still to be investigated. 


SUMMARY. 


1. The effect of benzene and of o- and m-dichlorobenzene on the sulphur 
metabolism of the dog is very similar to that of monochlorobenzene, sug- 
gesting that mercapturic acids are also formed from these substances. 

2. There is usually a close correspondence between the “extra” sulphur 
and the halogen in organic combination excreted in the urine after the ad- 
ministration of these compounds. The significance of this correspondence is 
discussed. 

3. Toluene and o-chlorotoluene have no effect on the sulphur metabolism. 
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LXXX. STUDIES IN THE SULPHUR 
METABOLISM OF THE DOG. 


IV. THE MECHANISM OF MERCAPTURIC ACID 
FORMATION IN THE DOG. 


By HERBERT ISAAC COOMBS anp THOMAS SHIRLEY HELE. 


From the Biochemical Laboratory, Cambridge. 
(Received May Ist, 1926.) 


In the preceding communication it was stated that Baumann discovered that 
administration of chloro-, bromo- or iodo-benzene to a dog on a mixed diet 
led to the excretion, in very good yield, of the corresponding halogen-phenyl- 
mercapturic acid in the urine. 


Br Br Br 

“~~ () O 

U | U 

OH S.CH,CH.NH(COCH,) 
| 
COOH 
I IT Ill 
Bromobenzene p-Bromophenol p-Bromophenylmercapturic acid 


This excretion of mercapturic acid causes a marked rise in the output of 
neutral sulphur in the urine of a dog on a standard diet (cf. rise after iodo- 
benzene, Figs. 5 and 6). Conversely, in the absence of better methods of 
showing the presence of a mercapturic acid in the urine, it has often been 
assumed, in work on this subject, that a rise of neutral sulphur, after ingestion 
of a compound, indicates the presence and quantity of a mercapturic acid 
formed from that compound. While this assumption must be accepted with 
reserve, the assumption, which is made in this communication, that absence 
of a rise of neutral sulphur, after ingestion of a compound, indicates that a 
mercapturic acid has not been formed, is almost certainly true. 

The only mercapturic acids which have ever been isolated are the three 
mentioned above, but the work of the preceding communication suggests 
that the o- and m-dichlorobenzenes, and benzene itself, also give rise to 
mercapturic acids. Baumann and Preusse [1881] were able to show that the 
mercapturic acids which they isolated were para-compounds and this was 
confirmed by Friedmann [1904]. 

In all the compounds which give rise to an increased neutral sulphur 
output in the urine—chloro-, bromo- and iodo-benzene and the o- and 
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m-dichlorobenzenes (benzene, having no halogen, being a special case)—it 
will be noticed that there is a position para to a halogen available for linkage 
with the cysteine. While working with the dichlorobenzenes it was intended 
to give the corresponding para-compound. In this case—if mercapturic acid 
were indeed limited to the para-position—no rise of neutral sulphur would be 
expected. Unfortunately, however, it was found that p-dichlorobenzene is 
rather insoluble, is not readily absorbed and is very irritant to the intestine 
[cf. Sollmann, 1920] so that no experiments could be carried out with it. To 
investigate the point, therefore, it was decided to substitute the less toxic 
p-chloroacetanilide and p-chloroanisole. As was expected, no rise of neutral 
sulphur was found after the ingestion of either of these two compounds 
(Figs. 1 and 3). To complete the work the corresponding o- and m-chloro- 
acetanilides and chloroanisoles! were also given (Figs. 2, 3 and 4), but it was 
found, with some surprise, that although a para-position to a halogen is always 
available, in no case was there a rise of neutral sulphur and therefore no 
mercapturic acid formation. It therefore seems that the mere introduction 
of an acetamino- or methoxy-group has profoundly altered the metabolism 
from that of chlorobenzene, and therefore the above compounds cannot be 
used to decide if mercapturic acid formation is limited to the para-position 
to the halogen or not. This change of metabolic process caused by slight changes 





in the compound used is being further studied. 

Another aspect of mercapturic acid formation was also investigated. 
Baumann and Preusse [1879] were the first to observe that p-bromophenol 
was also excreted after the administration of bromobenzene. Subsequent 
workers in this field have assumed that the phenol (II) is an inter- 
mediary between the halogen-benzene (I) and the mercapturic acid (III). 
To confirm this supposition, dogs were fed on p-chlorophenol. It at once 
becomes obvious from a comparison of the curves for this compound with 
those for iodobenzene (Figs. 5 and 6) that these compounds are metabolised 
differently—whereas the chlorophenol is only excreted as a phenol linked with 
sulphate, the iodobenzene is excreted both as a phenol and also as a mer- 
capturic acid. p-Chlorophenol cannot, therefore, be an intermediate substance 
and it seems probable that mercapturic acids are formed by direct condensa- 
tion of the halogen-benzene with the cysteine. In the light of this new evi- 
dence, the arguments put forward in the second paper of this series [ Hele, 
1924] on the balance between the formation of ethereal sulphate and mer- 
capturic acid require some modification. The determining factor in the 
relative amounts of ethereal sulphate and mercapturic acid formed from 
chlorobenzene appears to be the rate of oxidation of the benzene nucleus to 


1 Observations of our own and other investigators have shown that the three halogens, 
chlorine, bromine and iodine can be interchanged in compounds of this type without any notable 
change in the metabolism of the compound, e.g. the animal deals with o-bromoanisole as with 
o-chloroanisole. As we had a sample of o-bromoanisole and not the chloro-compound the former 


was given. p-Bromoanisole was also used (Fig. 3). 


Bioch, xx 40 
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the phenol compared with the rate of condensation of the same nucleus with 
the sulphydryl group of the cysteine. 

After administration of o- and m-chlorophenols exactly the same effect 
was noticed as with the o- and m-chloroacetanilides and chloroanisoles. From 
the graphs (Figs. 3 and 4) it is seen that no mercapturic acid was formed 
although a position para to the halogen in each case is unsubstituted. Phenol 
itself (Fig. 6) also does not give rise to a mercapturic acid. 


EXPERIMENTAL. 

The experimental methods were essentially the same as those described 
in an earlier paper of this series. The same dogs were employed. “Sophia” 
and “‘Vixen” received the diets already described [Hele, 1924, pp. 595 and 
597]. “Phoena” and “Patricia” were given the diets shown below: 








T.N. 7.8. Calories 
g. g. K. 
*Phoena” 7-0 kg. Meat: 90 g. 3:07 0-202 120 
Sugar: 50 g. _ — 191 
Margarine: 30 ¢. 0-21 0-015 234 
Mik: 160 ce. 0-83 0-074 115 
Total 4-1] 0-291 660 
* Patricia” 6-8 ke. Meat: 100 g. 3-41 0-226 133 
Sugar: 50 g. — -— 19] 
Margarine: 20g. 0-14 0-010 156 
Milk: 160 ce. 0-83 0-074 115 
Total 4:38 0-310 595 


All the chemicals were from Kahlbaum except the acetanilides, which were 
made by standard methods and were easily obtained in a pure condition. 
The phenols were dried in a desiccator for several weeks over calcium chloride 
before weighing. All the substances were given by mouth in gelatin capsules. 
It was thought, however, that if the phenols were administered in the ordinary 
way, quick digestion might produce a high local concentration of the phenol 
and therefore injury to the stomach wall. To obviate this difficulty each 
capsule was wrapped in a long thin piece of meat (part of the diet) and the 
whole kept together by a few small stitches. No symptoms of any kind were 
noticed with the phenols or any other of the compounds given except p-chloro- 
acetanilide. This compound appeared to be much more toxic than the corre- 
sponding o- and m-isomerides (compare the dichlorobenzenes above). After 
receiving a dose of this compound the animal remained apparently unaffected 
till the evening with a normal rectal temperature (38-3°) but next morning 
the animal was found in a state of collapse and the temperature was de- 
pressed (37-1°). A slightly larger dose given to another dog caused the same 
symptoms and death through heart failure. With the smaller dose recovery 
was very rapid. 

The results are shown graphically. The daily outputs of sulphur in the 
form of inorganic sulphate, neutral sulphur and ethereal sulphate and also of 
total nitrogen are given. In every experiment analyses were carried out on 
many days, before and after the period shown, to make sure that the animal 
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was in a state of equilibrium before the compounds were given, and also to 
see that the animal returned to normal after them. To save space these days 
have been omitted in the figures. Moreover, most of the experiments have 
been repeated and the results confirmed. 

As all the dogs were approximately the same weight it was found con- 
venient to adopt a “standard dose” for the substances administered and 
most of the doses were either the molecular weight in grams divided by one 
hundred (m.w./100 g.) or a small multiple of this. In the earlier experiments 
this was not done but for convenience of comparison the doses used have 
been expressed in terms of molecular weight. 

It is evident from the graphs that there is no rise of neutral sulphur after 
any of the compounds given except after iodobenzene, which was given as a 
standard of comparison. However, without exception, it will be noticed that 
there is a very big rise in the ethereal sulphate. This can also be seen from 
the table wherein the approximate rise of ethereal sulphate, caused by the 
administration of the substance, and the approximate percentage of the dose 
excreted as ethereal sulphate is given. This increased output is an indication 
that all the substances have been freely absorbed and excreted as phenolic 
compounds linked with sulphate. 
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The curves also indicate that this increase of ethereal sulphate is at the 
expense—in part at least—of the inorganic sulphate. Shiple, Muldoon and 
Sherwin [1924], however, working on the pig, and Rhode [1923], working on 
the rabbit, could not satisfy themselves that there was any diminution of 
inorganic sulphate after the ingestion of phenols. The actual percentage, 
however, of the doses excreted as ethereal sulphate in the experiments 
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a sul phate 
25 29 
Anisole 
Phenol 
p-Chlorophenol 
Todobenzene 
Total rise of Percentage 
ethereal of dose 
sulphate excreted 
as sulphur as ethereal 
mg. sulphate 
101 52 
79 42 
100 52 
290 45 
328 51 
152 48 
250 39 
173 30 
150 59 
170 53 
182 57 
187 58 
189 30 
122 38 
171 53 
160 25 


* The rise of neutral sulphur after these doses was respectively 272 mg. and 299 mg. repre- 


senting yields of 47 % of mercapturic acid in both cases. 


described by these workers was small. Moreover, in the work of the former, 
the variations in the daily output of nitrogen were large and these would 
cause corresponding variations in the output of the inorganic sulphate, so 
that the point under discussion is somewhat obscured. The smaller rise of 
ethereal sulphate, obtained by the above authors, might be due to various 
causes—such as lack of absorption from the intestine, or greater destruction 
of the benzene nucleus by oxidation after absorption. Perhaps the difference 
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is entirely one of species—the pig and the rabbit detoxicating phenolic com- 
pounds more readily by means of glycuronic acid than by sulphate. With 
reference to this point the above authors have also assumed that a rise of 
neutral sulphur in the urine after administration of various compounds is due 
to the formation of a mercapturic acid. To our knowledge, however, nobody 
has yet isolated a mercapturic acid from any animal other than the dog, and 
it is conceivable that the rise obtained by them might be due to some other 
cause. We hope, shortly, to investigate this problem of mercapturic acid 


formation in animals other than the dog. 


SUMMARY. 

1. Attempts were made to decide if mercapturic acid formation is limited 
to the position para to the halogen of chlorobenzene. 

2. Compounds with the para-position occupied were given. p-Dichloro- 
benzene was not suitable for administration but with p-chloroacetanilide and 
p-chloroanisole no mercapturic acid formation took place. These experiments 
were not decisive, however, because the corresponding ortho- and meta-com- 
pounds were also found to give no mercapturic acids, and therefore the 
introduction of an acetamino- or methoxy-group alters the metabolism from 
that of chlorobenzene. 

3. p-Chlorophenol does not give rise to a mercapturic acid, and is therefore 
not an intermediary between chlorobenzene and its mercapturic acid. 

4. o- and m-Chlorophenol and phenol itself also give no evidence of mer- 
capturic acid formation. 


The authors desire to thank the Government Grant Committee of the 
Royal Society for grants in aid of this research and one of them (H.I.C.) the 
Department of Scientific and Industrial Research for a personal grant. 
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LXXXI. THE DEGRADATION OF GLUCOSE BY 
THE BLOOD CORPUSCLE OF THE RABBIT. 
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(Benn W. Levy Student; Frank Smart Student, Gonville and Caius College. ) 
From the Biochemical Laboratory, Cambridge. 
(Received May Ist, 1926.) 


THE experiments recorded in this paper were undertaken in part to discover 
the relationship between the known impermeability of the normal blood 
corpuscle of the rabbit to glucose [Irving and Kay, 1926] and its ability to 
degrade this substance. The fact that the blood sugar in shed blood is rapidly 
destroyed has been frequently noted. It was first investigated by Claude 
Bernard, and subsequently at great length by Lépine, who postulated the 
existence of an “enzyme glycolytique.” Despite many efforts, we are still 
ignorant of the nature of the agency in question, save that it resides in the 
corpuscle, and that its intensity is dependent on the integrity and age of this 
cell. It is inhibited completely by sodium fluoride [ Evans, 1922] and partially 
by potassium oxalate [Macleod, 1913] when used in concentrations sufficient 
to stop coagulation of the blood. Lépine[1918, 1,2] and others have shown that 
plasma has no power of destroying glucose. Workers appear to differ, however, 
as to whether haemolysis of the corpuscle affects its glycolytic activity. 
Macleod [1913] showed that it did not, whereas Kawashima [1923] has stated 
that after haemolysis the reaction ceases. In none of the papers which the 
writer has read, have antiseptics been mentioned, though asepsis has been 
claimed. It thus appeared to be of interest to reinvestigate this phenomenon, 


using more carefully controlled experiments. 


EXPERIMENTAL. 

In all the experiments described, the blood of healthy rabbits, drawn as 
cleanly as possible from the marginal vein of the ear, was employed. Heparin 
(0-02 %) was used as an anticoagulant, since fluoride and oxalate, in the 
concentrations required to prevent clotting, were found to slow the reaction. 


The corpuscles were centrifuged down, the plasma withdrawn, and the cor- 
5 


puscular sediment, which had an average haematocrit value of between 7 
and 85 %, was measured in a small measuring cylinder. An equal volume of 
isotonic saline containing hydroxyquinoline sulphate in a concentration of 
either 1 in 500, or 1 in 750, was then added, together with a weighed amount 
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of glucose, and the whole well shaken. The resulting suspension was pipetted 
into small tubes, which were tightly corked and placed in a water thermostat 
at 37°. In order to prevent the corpuscles from settling, the tubes were kept 
slowly oscillating. At intervals the reducing power of the solutions was 
estimated by Hagedorn and Jensen’s micro-method for blood sugar. 

All the antiseptics commonly used in enzyme solutions were found to 
inhibit the reaction very strongly. This was true for toluene, chloroform, 
borate and thymol. The only antiseptics which did not do this were the 
flavines and hydroxyquinoline sulphate. The former class possesses the dis- 
advantage that, in the dilution arrived at in the final titration, the fluorescence 
interferes with the end-point. Hydroxyquinoline sulphate has the disadvantage 
that it reduces potassium ferricyanide, which is used in the sugar estimations. 
Control experiments using glucose solutions of varying strengths showed that 
the values obtained in the presence of hydroxyquinoline sulphate, like those 
given by glucose alone, gave a straight line when plotted against the actual 
values for glucose. This antiseptic was found to be stable at 37° for at least 
18 hours, and to be unaffected by blood. Nearly all the results obtained in the 
presence of hydroxyquinoline sulphate were repeated over very short periods 
in its absence when the risk of bacterial infection was small, and were found 
to be confirmed. Experiments with bacterial cultures showed-that hydroxy- 
quinoline sulphate in a concentration of 1 in 1500 inhibited B. coli in 
broth from destroying glucose for at least 16 hours. It was thus probable 
that bacterial influences were completely excluded. In concentrations higher 
than 1 in 1000, hydroxyquinoline sulphate was found to interfere with the 
glucose degrading system to a certain extent, but in the concentrations em- 
ployed here such action was very slight. 

By removing the plasma it was possible to exclude a large number of 
unknown factors, including most of the blood sugar, the exact nature of 
which is still under dispute. Since no enzymes are known to exist in blood 
which will destroy the non-carbohydrate reducing substances, it would 
appear to be safe to assume that the loss in reducing power was due to loss 


of glucose alone. 


THE KINETICS OF GLUCOSE DEGRADATION. 


The rate of disappearance of glucose was found to be apparently in- 
dependent of the initial concentration, being linear over a wide range of 
values. The rate was found to vary but slightly with blood corpuscles from 
different rabbits, about 18 mg. % per hour being degraded at 37° (Fig. 1). 
Kanitz [1913] and Fukushima [1924] have found that the values of & as 
calculated for a monomolecular reaction remained approximately constant. 
The present writer has found k to have a rising value as the reaction pro- 
ceeds (Table I), a fact more in accord with a linear rate of degradation than 


one depending on the law of mass action. 
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Table I. 


Hours a a-x k 
0 ‘111 —- — 
1 — ‘090 ‘0911 
2 = 073 -O911 
3 — -059 ‘0915 
4 _ 048 -0910 
5 _ -034 -1038 
6 — -025 -1079 
a — ‘O17 -1150 

10 
1 


‘ ee >, 0/ 
Glucose degraded g. % 
° 
° 
a 


3 6 9 


Hours 
Fig. 1. The rate of degradation of glucose. 
1. Intact cells. 2. Haemolysed cells. 


As regards the influence of temperature, the only facts so far known are 
that the rate of the reaction varies with the temperature [Lépine, 1918, 1, 2, 
and others]. 

In more exact experiments, the writer has found that the temperature 
coefficient between 27° and 37° was equal to 2:1. 


THE SITE OF GLUCOSE DEGRADATION. 

The majority of workers have stated that the glycolytic mechanism is 
intracorpuscular. Loeb [1913], making parallel observations on the rate of 
glucose breakdown and the permeability of the corpuscle membrane to this 
substance, in several different species found that glucose was destroyed only 
by those corpuscles into which it could readily enter. He did not, however, 
include the rabbit among his experimental animals. Fukushima [1924], on 
theoretical grounds, suggested that the agency in question might be an active 
surface, since the enzyme was in the cells and the substrate in the plasma. 
Most other authors have considered the action to be bound up with the vital 
activity of the corpuscle. 
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One would expect that, if glucose was destroyed by an enzyme residing in 
the corpuscle, rupture of the membrane would not diminish and probably 
increase the rate of the reaction, by setting free the enzyme into its substrate. 
Experiments with haemolysed blood showed that this was not the case (Fig. 1). 
A large number of observations were made, the corpuscles being laked by 
the addition to the centrifugate of an equal volume of distilled water con- 
taining hydroxyquinoline sulphate instead of isotonic saline. Contrary to the 
findings with intact corpuscles, the glycolytic rates were found to be much 
diminished and to differ considerably from sample to sample, some possessing 
up to 60 % of that of normal corpuscles, and one or two having lost the power 
of degrading glucose completely. In all cases, however, the reaction stopped 
long before all the glucose present was destroyed. The intactness of the cor- 
puscle thus appeared to be an essential factor in this case. 

Again, it is difficult to see how added glucose can enter the rabbit’s blood 
corpuscle, as all workers are agreed that this is impermeable to glucose. 
Several experiments, carried out in conjunction with Dr H.D. Kay, showed that, 
although, during the drawing of the blood, the corpuscular reducing power 
increased, further additions of glucose failed to augment their glucose content. 
The figures in Table II illustrate this. 


Table IT. 


Blood Plasma Haematocrit Corpuscle 

sugar sugar value sugar 
Preliminary distribution 0-115 0-168 35-5 0-020 
After addition of isotonic glucose solution 0-172 0-253 35 0-023 


It appeared to be conceivable that, during the course of the reaction, a 
slow diffusion of glucose into the corpuscles might take place. Several experi- 
ments were therefore carried out in which the distribution of glucose during 
its degradation was followed. The results of one are shown in Fig. 2. A pre- 
liminary distribution was calculated from blood and plasma glucose values, 
and corpuscle volume, and the results are plotted on the ordinate. At the 
arrow, the corpuscles were centrifuged down as in previous experiments, and 
suspended in saline-glucose solution. The distribution was then redetermined, 
and the reaction mixture placed in the incubator, distributions being done at 
intervals. As will be seen, the increase in the glucose content of the medium had 
no influence on that of the corpuscles; during the course of the reaction, 
the reducing substances inside fell slightly in amount, but the bulk of the 
glucose being degraded appeared to be so changed in the medium. In other 
experiments, in which the initial corpuscle-glucose value was higher, this was 
found to fall in a similar way to that outside the corpuscle, but apparently 
to bear no relationship to it. 

In addition, if the reaction took place inside the corpuscle, its rate would 
be governed by the rate of diffusion through the membrane, as this is very 
impermeable to glucose. In this case, however, the temperature coefficient 
would be low, whereas experiment has shown it to be high. 
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The conclusion arrived at by the present writer is that the bulk of the 
glucose degraded is destroyed on the surface of the corpuscle. In order 
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Fig. 2. The distribution of glucose during its degradation by blood corpuscles, 


At the arrow, the plasma was removed, and glucose saline substituted. 


further to test this hypothesis, experiments were carried out in which sub- 
stances, with strong non-polar groups, were added to the reaction mixture. 
The blood-corpuscle membrane is supposed, from the recent work of Gorter 
and Grendell [1925] to be covered by a bimolecular layer of lipoids, and, on 
the theory of Langmuir [1917], substances with non-polar groups would be 
adsorbed on this:interface. This adsorption would interfere with the degrada- 
tion of glucose by blocking the membrane to an extent depending on the 
concentrations and relative “strengths” of the non-polar groups. 

The results of experiments, using propyl and ethyl alcohols, are shown in 
Fig. 3. The former was found to inhibit the reaction completely in a concen- 
tration of 6-7 % and the latter in one of 13-3 %. The inhibiting concentration 
of ethyl alcohol, as would be expected, was far higher than that of propyl 
alcohol, and the ratio between their inhibiting powers was found to agree 
with that found by Quastel and Whetham [1925] using these two alcohols 
while observing the dehydrogenations produced by resting bacteria, and also 
by Traube [1913] in observations on the respiration of birds’ red blood 
corpuscles. 

Usually, when complete inhibition had occurred, haemolysis was fairly 
far advanced, but was not complete; frequently half the corpuscles could be 
centrifuged down intact. It was not, however, possible to wash off the alcohol, 
and restart the action. It is possible that two actions may be occurring 
simultaneously, adsorption, and an actual destruction of the membrane; this 
may account for the shape of the ethyl alcohol curve. 
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In experiments with butyl alcohol, it was not found possible to get quan- 
titative data, owing to its partial miscibility with water, but the inhibiting 
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Fig. 3. Inhibition of glucose degradation by propyl and ethyl alcohols. 


concentration was much lower than that of propyl alcohol. Amytal (iso- 
amylethylbarbituric acid) was also found to have a very distinct inhibiting 
action in small concentrations, haemolysis not occurring, but owing to its 
insoluble nature quantitative figures could not be obtained. 


DISCUSSION. 


Recent work has shown that many biochemical changes appear to be 
catalysed at surfaces. Warburg [1921] has shown, by means of the charcoal 
model, that many oxidations produced in vivo can be reproduced in vitro. 
According to his work, iron is the responsible catalyst, and the surface of the 
charcoal is pictured as a mosaic of areas rich and poor in this substance. 
The surface of the blood corpuscle appears to differ from this in several 
respects. Since its activity is not at all impaired by KCN in a concentration 
of M/500, it would appear that iron is not one of the factors involved. Nor is 
the action catalysed by haemoglobin, since this substance can be turned into 
acid haematin without stopping glucose breakdown. From the work of Slosse 
[1911], Embden and his co-workers [1912], and Evans [1922], glucose in the 
presence of the blood corpuscle is changed to lactic acid probably by reactions 
which do not involve oxidative changes. Whether these changes are connected 
with organic phosphorus compounds or not will form the subject of a later 
paper. 

It is much more probable that the surface of the blood corpuscle resembles 
in this respect that pictured for bacteria by Quastel [1926]. In the presence 
of powerful electric fields which occur in localised areas over the surface, the 
glucose molecule is activated prior to breakdown into simpler compounds. 
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In the case of blood haemolysed by osmotic means, one can picture the 
existence of a suspension of corpuscle surfaces, which have been ruptured, 
but not completely disintegrated. The curves obtained would suggest that 
the process of membrane destruction is continually progressing in this sus- 
pension, eventually bringing the reaction to a standstill. Substances like 
toluene and chloroform, however, which when used as antiseptics instantly 
and completely haemolyse the corpuscle, at once stop glucose breakdown by 
destroying the surface. 

From these facts it would appear that the integrity of the corpuscular 
surface is essential for the degradation of glucose. 


SUMMARY. 


1. The rate of the degradation of glucose by the blood corpuscles of the 
rabbit has been followed. It has been found to have the kinetics of a linear 
reaction, and a temperature coefficient (Q,,-) equal to 2-1. 

2. From considerations of the permeability of the corpuscular membrane, 


and the ability of certain substances to inhibit this reaction, the hypothesis 
is suggested that glucose is degraded on the corpuscle surface. 


The writer is indebted to Sir F. G. Hopkins for his continued advice and 
interest in this work, and to Dr J. H. Quastel for helpful suggestions. 
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HirHERTO, the benzidine test for blood in urine and faeces has been regarded 
as the most sensitive and satisfactory for clinical use. The writer’s attention 
having recently been directed to Johannessen’s test [1921], which embodies 
the use of reduced alkaline phenolphthalein solution, the following notes of 
the relative sensitivity of these tests may be of interest. 

The reagents were made up in the following way: 

Benzidine reagent. 5g. of benzidine were shaken until dissolved with 
25 ec. of glacial acetic acid, the same volume of hydrogen peroxide being added 
just prior to use. 

Phenolphthalein reagent. 1g. of phenolphthalein and 25 g. of KOH were 
dissolved in 100 ce. of distilled water. The resulting red solution was boiled 
until decolorised with 10 g. zine dust, filtered and an equal volume of 96 % 
alcohol added. Before use 10 cc. of hydrogen peroxide were added to 90 cc. 
of the reagent. 

The first series of tests was carried out on aqueous haemoglobin solutions 
of varying dilutions and the results are summarised in the following table. 

In each case 5 cc. of solution were used with 5 cc. of reagent: 


Dilution of Equivalent in 
Reagent Reaction Hb soln. mm.* blood 
Benzidine Very slight 1/ 100,000 0-08 
Definite 1/ 71,000 0-14 
Strong 1/ 50,000 0-20 
Phenolphthalein Slight 1/4,000,000 0-0025 
Definite 1/2,000,000 0-005 
Strong 1/ 500,000 0-020 


The phenolphthalein reagent, when used with blood diluted with water 
alone is thus from 10-30 times as sensitive as the benzidine reagent. 

The second series of tests was carried out on urine, to which was added 
a 1/5000 solution of blood in water in quantities appropriate to the dilutions 
required. 
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TESTS FOR BLOOD 


The following results were obtained: 


Reagent Reaction 
3enzidine Very slight (after 3-4 mins.) 
Slight but definite (at once) 
Strong (at once) 
Phenolphthalein Very slight 
Definite 
Strong 


Dilution of 
Hb soln. 
1/12,500 
1/10,000 
1/ 6,600 
1/50,000 
1/33,000 
1/25,000 


621 


Equivalent in 
mm.* blood 
0-8 
1-0 
l- 
0: 
0- 


O-4 


vo 
» 
2 
o 


The phenolphthalein reagent, when used with urine containing blood, is 


three to four times as sensitive as the benzidine reagent. 

With watery solutions of haemoglobin, the colour given by the phenol- 
phthalein reagent is pink-red. It takes a short time to develop with very 
dilute solutions and fades in 15-25 minutes, according to the original depth 
of colour. With urine, owing to interference by the urinary pigment, the 


colour appears orange-pink or orange-red and is also transitory, fading with 


dilute solutions in 3—4 minutes. 


The reagent also gives satisfactory results when used for the detection of 


occult blood in faeces. 
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AND MARGARET HONORA ROSCOE. 


From the Department of Experimental Pathology, Lister Institute, London. 
(Received May 3rd, 1926.) 


In the course of investigations having other objects in view, much information 
has been accumulated relating to the histology and chemical analysis of the 
bones of young growing rats maintained on various defective diets. As a 
result it has been possible to make some new generalisations as to the chemical 
composition typical of normal bones and of those displaying a rachitic and 
osteoporotic structure respectively. 

The three groups of animals whose skeletons have been thus studied may 
be divided into three corresponding classes according to the different diets 
upon which they were fed. 

(1) Diets, natural or artificial, complete in all respects, including an 
adequate supply of the necessary minerals and of vitamins. 

(2) Diet F1, devoid of the fat-soluble vitamins A and D but adequate in 
other respects, which in this series of experiments usually produced osteo- 
porosis and in a few instances slight rickets in addition. 

(3) Atypical rickets-producing diet, viz. McCollum’s 3143 diet [McCollum 
and co-workers, 1921], low in phosphorus and high in calcium and providing 
a moderate supply of vitamin A in the large proportion of whole cereals it 
contains. 

Among the animals receiving Diets 2 and 3 are included several which 
received supplements of foodstuffs calculated to correct the respective 


dietetic defects in varying degree. 


1 The composition of Diet F is given in the accompanying paper by Chick and Roscoe [1926]. 
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Chemical Analysis. 


The methods employed for the chemical analysis of the bones were the following. 

Immediately after death the leg bones—femur, tibia and fibula—were carefully dissected, 
cleaned and split with a sharp scalpel in order to facilitate the subsequent extraction with 
alcohol and ether. The water present in the fresh bones was determined by drying for 24 hours 
at 105-110°. The dry bones, wrapped in silk, were extracted first with boiling alcohol for about 
16 hours and afterwards with ether in a Soxhlet apparatus for 24 hours. After extraction the 
bones were replaced in a weighing bottle, dried, weighed and removed to a small weighed 
porcelain crucible to be ashed. The ashing was quickly and easily done over a Bunsen burner if 
the flame was provided with enough air at the later stage. The ash was heated until constant 
in weight, it was then dissolved in diluted hydrochloric acid, and the calcium precipitated with 
acid by the method of McCrudden [1909, 1911] as used by Boas [1924] and weighed as calcium 
sulphate. The phosphorus can be estimated in an aliquot portion of the filtrate from the calcium 
determination, using the method of Neumann [1902]. 

We have found consistently that with rats 70-90 days old the calcium content of the bone is 
equal to about 37 % of the total ash, irrespective of differences in the histology of the bone, corre- 
sponding to the different types of nutrition. In the present work, therefore, analysis of the ash for 
the proportion of calcium and phosphorus was not made in the majority of cases, but the calcium 
was calculated as 37 % of the weight of the ash. In Table I, however, a series of analyses is 
given of the ash of bones taken from young growing rats of ages varying from 54-93 days and 
of body weight varying from 62-161 g. All the values obtained for calcium lie between the 
extremes of 35:9 % and 37-2 % of the ash, with a mean value of 36-7 °% for the whole series. 
The amount of the phosphorus present in the ash showed a greater proportional variation. 
With animals nourished on a low phosphorus rickets-producing diet the proportion was con- 


Table I. Analysis of the ash of the bones of young vats maintained 
on various diets. 


Body <Ash% Ash analysis 
Rat Agein weight on fresh ———~— - Ratio 
Diet No. days g. bone Ca P Ca/P 
Complete artificial diet 1 80 171 34:2 37-1 18-55 2-00 
containing abundant 2 80 156 35°9 37°3 17-86 2-09 
butter and cod-liver oil Average: 372 1820 204 
F ll 91 138 29-4 36-2 17-6 2-06 
46 92 142 27-4 35-9 18-3 1:96 
51 92 136 32-6 37-2 19-1 1-95 
53 91 161 29-2 —- -— — 
54 93 144 35-2 36-4 17-8 2-05 
197 67 o4 19-7 36-7 --- —- 
204 67 52 19-2 36-8 — — 
208 68 59 245 36-6 18-3 1-99 
438 85 86 25-9 36-6 18-2 2-02 
440 81 82 28-3 37-0 18-] 2-04 
Average: 36-6 18-2 2-01 
F +spinach 202 67 66 20-7 36-6 — _- 
210 68 68 24-1 37-0 — — 
F+milk 434 84 90 26-3 37-1 — — 
F + cod-liver oil 201 67 98 27-7 37-0 — — 
203 67 87 27-6 37°2 _ -— 
Average: 37-0 
McCollum low phos- 337 58 3 14-0 36-7 16-0 2-29 
phorus diet 462 54 62 10-9 36-0 - — 
Average: 36-3 
McCollum + milk 331 59 92 19-2 36-8 17-8 2-07 
333 58 123 21-6 36-5 17-3 2-1] 
463 54 85 17-6 37°2 
464 54 72 16-4 36°8 17-1 2-15 
McCoilum + cod-liver oil 357 61 66 22-9 37-0 15:3 2-4] 
226 55 66 20-0 36-9 17-1 2-16 
229 55 64 22:3 37-0 - _ 
Average: 36-9 16-9 2-18 
41 
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sistently lower (mean value = 16-9 % of the ash) than where the diet had contained an adequate 
amount of phosphates (mean value= 18-2 % of the ash). 

The figure we have found for the proportion of Ca in the ash of the bones is lower than that 
corresponding to pure calcium phosphate Ca,(PO,),, viz. 38-7 % (P=20 %) and also lower than 
that found experimentally by some observers. Hoppe-Seyler [1877], quoting the results of Heintz 

1849], states the proportion of calcium in the ash of adult human bone to be 38-6 % and 
38-5 °% in the bone ash of sheep or oxen. He considered the composition to be analogous with 
that of apatite Ca,)I,(PO,), with the fluorine replaced by CO, thus—Ca,,CO,(PO,) 6 a compound 
which contains 38-9 % of calcium. Wildt 1872) found the proportion of calcium in the ash of 
the bones of rabbits of ages varying from 1 day to 4 years to lie between 37-2 % and 37-7 %, 
while the phosphorus varied from 18-4 °% to 17-4 %. 

Gabriel [1894] published analyses of the bones of man, ox and goose and found great con- 
stancy in the composition of the ash in the different species. The variations were from 36-7 % 
to 36-4 % for calcium and from 16-0 ° ° to 16-7 % for phosphorus. In Gabriel's method, however, 
the bones were not reduced to ash by heat, but the organic matter was extracted from the 
dried bone with alkaline glycerol at 200° and analysis made of the mineral residue or “glycerol 
ash.” He considers that in this way it is possible to avoid the loss of a small amount of water of 
constitution and of carbonic acid which occurs when the bone is burnt. The proportion of 
calcium and phosphorus, therefore, is lower than that found present in the ash obtained by 
burning. In the latter, according to Gabriel, the calcium accounts for over 38 % of the ash. 

Gassmann [1910], who made careful — of the mineral constituents in the bones of 
healthy and rachitic children, found 39-1 °, Ca in the ash of the humerus of a healthy child 
24 years old and 37-8 °% in that of a rachitic child a year younger. The phosphorus showed no 
change, being 17-5 °% of the ash in both cases. The ratio of calcium to phosphorus was 2-23 in 
the healthy bone and 2-17 in the rachitic bone. 

The ratio of Ca : P in the rat bones whose analyses are given in Table I is rather lower, being 
2-04 and 2-01 for animals receiving respectively a complete diet and one deficient in fat-soluble 
vitamins, and 2-2 for those receiving a low phosphorus diet. Robison and Soames [19% 7 analysed 
a large number of the bones of rats nourished on defective diets, among them the F diet used 
by us, and MeCollum’s No. sits low phosphorus diet. The average value of the Ca: P ratio, 
was found to be 2-16 and 2-21 respectively in the bone ash of the two groups of animals. The 
average figure obtained by us for animals fed upon F diet was 2-01 and it is probable the difference 
between our results and those of Robison and Soames is due to the fact that in their experiments 
calcium was estimated by the method of Aron and Sebauer [1910], while we used that of 
McCrudden. In Aron and Sebauer’s method the calcium is precipitated with alcohol after moist 
combustion of the bones with nitric and sulphuric acids and we have found that this method 
invariably gives a result about 3% higher than that given by McCrudden’s method, in cases 
where two bones of the same animal have been analysed by the two methods respectively. In 
McCrudden’s method, when precipitating the calcium by oxalic acid after ashing the bone and 
dissolving the ash in hydrochloric acid, the reaction is carefully adjusted to be very faintly acid 
to methyl orange (py 4-8-5-2). This is done i in order to prevent precipitation of the phosphate 
present, and it was conceivable that traces of calcium might remain in solution. 

The method was tested by estimating the calcium present in pure Iceland spar dissolved in 
hydrochloric acid. In some cases sodium phosphate was added to the solution in the amount 
required to make the proportion of Ca to P the same as is present in bone ash. The results 
given below showed that the method was trustworthy. 


Analysis of Iceland Spar for Calcium. 


Phosphate % Ca 
BT RRS 
present found calculated 
1. Precipitation in solution faintly acid to methyl orange + 40-32 40-00 
2. 9 % + 40-19 % 
3. > ” 99 0 39-95 9 
4, Precipitation in alkaline solution 0 39-82 % 


It is possible, nevertheless, that our calculation of the proportion of calcium in the bones as 
37 % of the ash may give values which are slightly over-estimated, for, according to Gabriel, it 
is possible that the proportion of ash, estimated by the weight of the residue after ignition, may 
be slightly under-estimated, and the value of the “organic residue” slightly over-estimated. In 
any case the differences are slight and not significant for the purpose of this paper. The same 
methods were used throughout the present work, the object being to make a comparative study 
of the composition of bones of different types rather than to determine the absolute amounts of 
the various constituents present. 


Histological examination. 


For histological examination the rib junctions of the 6th and 7th ribs on 
the right side were removed, fixed with 10 % formalin in 0-85 °% salt solution, 
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decalcified with Muller’s solution and the sections stained with haematoxylin 
and eosin. 

A diagnosis of osteoporosis uncomplicated by rickets, was made in case 
of bones showing (1) an abnormally thin shaft; (2) few and scanty trabeculae 
at the bone-cartilage junction, with an irregular arrangement in place of the 
usual parallel alignment; and (3) deposition of calcium in the zone of pro- 
visional calcification and in the bone tissue. 

The criteria of rickets included (1) an increased and often disorganised 
area of proliferating cartilage; (2) an amount of osteoid tissue in excess of 
the normal both in the trabeculae and in the shaft of the bones, the extent 
of osteoid tissue relative to the amount of calcified bone, together with the 
degree of change in the cartilage, being regarded as a measure of the degree 
of rickets; (3) complete absence or defective deposition of calcium in the zone 
of provisional calcification. Cases in which the excess of osteoid tissue was 
apparent only in the shaft and trabeculae of the bones and the proliferating 
cartilage approached the normal in structure were diagnosed as osteomalacia. 


CHEMICAL COMPOSITION CHARACTERISTIC OF THE OSTEOPOROTIC BONES FOUND 
IN YOUNG RATS MAINTAINED ON A DIET DEPRIVED OF FAT-SOLUBLE VITAMINS 
(VITAMINS A AND D). 


In Table IIT are given complete analyses of the bones of rats 2-3 months 
old, killed after a period of 1-2 months on diet F deprived of fat-soluble 
vitamins but adequate in other respects. Here the predominant character 
of the histological picture was one of osteoporosis, though a slight degree of 
rickets was present in some instances. 

Bones showing a histology typical of rickets rather than osteoporosis have 
also been observed in young rats nourished on diets similar to the above. 
This has occurred in cases where the defect in diet has been exaggerated by 
limiting the supply of fat-soluble vitamins to the mothers during the period 
of pregnancy and lactation [Korenchevsky, 1921, 1922; Korenchevsky and 
Carr, 1923] or when the young have received the defective diet at a very 
early age, when the body weight did not exceed 30 g. [Goldblatt, 1923]. In 
the present work the young were usually placed upon the experimental diet 
at about 4 weeks of age and with body weight of 40—50 g. 

In Table ITI, section (a) contains the analyses of the bones of 12 rats which 
received the F diet without supplement, while the other sections of the table 
show the effect on the bone composition of adding various vitamin-containing 
foodstuffs to this diet. Vitamin A was supplied in the form of spinach (6) 
and milk (c), vitamins A and D simultaneously by cod-liver oil (d) and by 
spinach together with irradiation with ultra-violet light (e). For purposes of 
comparison, figures have been collected in Table II showing complete analyses 
of the bones of rats of similar age, which received a complete diet. 
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Table II. Analysis of the bones of young rats maintained on a complete diet. 


Diet 


al mixed diet 


Complete artificial diet containing 


abund 


Table III. Analysis of the 


fat-soluble vitamins) without and with various vitamin-containing supplements. 


(a) W 


No. of 
rat 


(b) 
2003 
oo id 
1983 


(c) + 


(d) 
2013* 


2039* 


(e) 
199.3* 
2050* 


ant butter and cod-liver oil 


ithout supplement. 








Analysis of fresh bone % Ca% 
co arenes — co A 
“Organic On fat- 
Age Body residue On _ extracted 
Rat in weight (by dry dry Ratio Histo- 
No. days g. H,O Fat Ash difference) weight weight A/R logy 
3 80 136 17-0 §= 3-4 27-2 22-4 18-4 19-7 1:21 Normal 
4 80 146 36-3 1-9 38-7 23-1 21-8 22°5 1-67 
1 80 171 10-9 2-6 34-2 22-3 20-8 21-8 1-53 
2 80 156 39-8 1:7 35-9 22-6 21-5 22-1 1-59 
Average 410 24 340 22°6 20-6 21°5 1-50 








bones of young rats maintained on F 


diet (deprived of 


























Ca % | 
Ss 
Analysis of fresh bone °% On fat- 
Age — s On extracted 
Dose in Organie dry dry Ratio 
daily Litter days H,O Fat Ash _ residue weight weight A/R Histology 
— 264 67 43:3 169 19:8 20-1 12-6 17-9 0-989 Osteoporosis and osteomalacia 
eles 67 45-0 15-7 19-2 20-2 12-5 17-5 0-949 
Average: 441 16-3 19-5 20°15 12°55 17-7 0-969 
— 218 90 42:3 13-5 24-6 19-6 15-8 20-6 1-258 Osteoporosis 
_ 212 89 44-2 83 26:5 21-0 17-6 20-7 1-265 = 
oes 27 86 14-2 12-1 22:4 21-4 14-5 18-5 1-058 Very slight rickets 
— as 81 44-7 13-3 21-1 20-8 13- 7 18-1 1-013 Osteoporosis and?veryslight ye; 
— 272 85 43-9 93 25-9 20-9 16-6 19-9 1-237 Osteoporosis and very slight r. 
— ae 81 41-3 9-2 28-3 21-1 17-4 20-6 1-342 Approaching normal 
-- 277 72 12-5 11-4 24-9 21-2 15-6 19-4 1-175 Slight osteoporosis 
= 78 11-7 74 28-9 22-0 17-8 20-4 1-310 Sl. osteoporosis. Very nearly n. 
Average: 43-1 10-6 25°3 21:0 16-1 19-8 1-207 
|-Leaves of fresh spinach. 
0-5 g. 264 67 16-4 14-0 19-1 20-8 12-8 17-0 0-896 Osteoporosis 
0-65 g. fe 67 18-] 9-7 20°75 21-4 14-4 17-7 0-971 Slight osteoporosis 
1-05 g. a 67 18-4 11-2 20°51 20-5 13-9 17-7 0-970 Osteoporosis and?osteomalacia 
Milk XXVIII. 
lee. 27 86 47-0 6-7 24-6 21-7 16-7 19-2 1-137 Very slight osteoporosis 
= 272 84 41-9 10- 26-3 21-6 16:3 19-8 1-220 Slight osteoporosis 
me QT 79 39-2 8-6 29-9 22-25 17:7 20-65 1-344 Very slight osteoporosis 
Average: 42-7 8-5 26-9 21:35 16-9 19-9 1-234 
2 ee. 271 8&6 46-1 7-0 25-4 21:5 16-9 19-5 1-180 Nearly normal 
Pm &l 47-1 3:8 26-9 39.9 2 18-3 19-7 1-213 Very slight osteoporosis 
272 81 41-9 8-6 28-0 21-6 17-3 20-3 1-296 is ¥ 
Average: 45:0 65 26:7 21-75 175 19-8 1-230 
Sec. 271 85 15-5 9-7 24-1 20-8 15-9 19-3 1-160 Nearly normal 
” ; 87 10-2 755 30-3 22-0 18-2 20:85 1-378 Nez uly normal. Very sl.osteop. 
: 272 17 15-35 7-0 28-6 19-0 18-8 20:2 1-500 Slight osteoporosis 
Average: 43-7 8-1 27-6 20°6 17-6 20-1 1-346 
5 ec 97 82 13-7 5-6 29-1 21-7 18-6 20-6 1-341 Very sl. osteoporosis. Nearly n. 
272 81 13-9 5-2 29-1 21-8 18-7 20-6 1-336 Nearly normal 
e 217 73 15-2 3-6 28:95 22-3 19-0 20°3 1-298 zg 
Average: 443 48 29°05 21-9 18-8 20:5 1-325 
Cod-liver oil. 
0-05 g. 264 67 47-9 6-9 27-7 19-6 17-7 20-4 -303. Normal 
s 67 18-7 1-9 27-6 20-3 18-4 20-2 1-288 
Average: 48-3 5-9 2765 1995 18:05 203 1-295 
+-Irradiated leaves of fresh spinach. 
0-5 g. 264A 67 13-7 9-5 95-5 21-3 16-3 19-6 1-197 Slight osteoporosis 
1-95 g. ” 67 1-4 56 28-4 21-7 18-3 20-4 1-305 za 
Average: 44-05 755 26:95 21°5 17-3 20-0 1-251 


* Put on experimental diet at ca, 30 g. weight. 
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The chemical composition of the osteoporotic bone is characterised chiefly 
by a high proportion of fat and a low proportion of ash. These osteoporotic 
bones of young rats 70-90 days old contained on an average 10-6 % fat and 
25-3 °% ash (Table IIT, section (a)) while the bones from normal animals con- 
tained 2-4 % fat and 34 % ash (Table II), all figures being reckoned on the 
fresh weight of the bone. This excessive amount of ether-soluble material 
corresponds with a structure showing a slender bone shaft and a relatively 
large cavity filled with marrow. It is evident therefore that the composition 
of the bony tissue is more correctly demonstrated if the results of the chemical 
analysis are calculated on the fat-extracted bone. This matter is discussed 
more fully below. 

In some instances where the young rats on F diet died before the end of 
the experimental period, after a period of loss of body weight caused by a 
reduced intake of food, the bones showed a very low proportion of fat, often 
less than 1 °% of the fresh weight of the bones [see Chick and Roscoe, 1926, 1, 
rat 131, Table IIT]. A low fat content in the bones is usual in osteoporosis 
accompanied by starvation. The high proportion of fat characteristic of the 
osteoporosis produced by a diet deficient in fat-soluble vitamins was, however, 
shown when the rats maintained a fair degree of good health, with some in- 
crease in body weight and a satisfactory intake of food. 

The analyses in the other sections of Table III (a, }, c, d, e) made upon 
the bones of animals which received various vitamin-containing additions to 
their diet, show a reduction in the fat content of the fresh bone which is in 
rough proportion to the vitamin value of the supplement. The figures in 
Table III (c) refer to animals which were employed for the milk tests described 
in detail in the accompanying paper by Chick and Roscoe [1926, 2]. In case 
of milk No. XXVIII, the bones of control animals (Litters 271, 272, 277) 
had an average fat content of 10-3 %, those of rats receiving 1 cc. milk daily 
still contained 8-5 % fat, while those which had received 5 cc. showed a fat 
content varying from 3-6 to 5-6 %. 

A striking feature of the whole series of analyses contained in Tables II 
and III is the constancy shown in the proportion of what we have called the 
“organic basis” or “organic residue” of the bone, the amount of which is 
determined by subtracting the sum of water, fat and ash from the weight of 
the fresh bone. The proportion of this “organic residue,” which includes 
cartilage, uncalcified bone and connective tissue, amounts to from 20-22 % 
of the weight of the fresh bone, whether normal or osteoporotic in structure, 
the extremes in the average values for the whole series being 19-9 % and 
22-6 %. The variations in composition of the bones corresponding to various 
degrees of osteoporosis are confined chiefly to the proportion of fat, of ash 
and, to a less degree, of water. These, together, account for 78-80 % of the 
total weight. 

The value of the ratio of the bone ash to this organic residue, known as 
the A/R ratio, has been suggested [Chick and Roscoe, 1926, 1] as a “rachitic 
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index,” or useful measure of the degree of calcification of the bones. In bones 
of normal rats 70-90 days old, the value of the A/R ratio was in the neigh- 
bourhood of 1-5, while a condition of osteoporosis was usually indicated by < 
value ranging from 0-9-1-2. In case of pronounced rickets, the value of the 
A/R ratio was much lower and varied from 0-4—0-8 (see below). 

In much of the previous work upon this subject, the proportion of calcium 
contained in the dried bones has been taken as a measure of calcification, but 
the great variation in the fat content of the bones of young rats, when osteo- 
porosis is produced, renders this criterion untrustworthy. The bones of rats 
maintained on diets deprived of fat-soluble vitamins often contain a very 
low percentage of calcium reckoned on the dry weight, and yet afford no 
evidence of rickets, when examined histologically. In such cases the low 
content of calcium is due rather to the high proportion of fat contained in 
the bones than to defective calcification of the bone tissue. For example, 
the average proportion of Ca in the dried bones of the 8 older animals re- 
ceiving F diet alone in Table III (a) is only 16-1 %, while the bones of normal 
rats contained 20-6 %. If however the proportion of calcium be reckoned on 
the fat-extracted bone, the deviation from the normal is much less, viz. 
19-8 % compared with 21-5°%. This is shown in an even more striking 
manner in case of the rats 197 and 204 (Table III (a)) which received the 
defective diet immediately after weaning, when about 20 days old. The bones 
of these rats after about 50 days on the experimental diet showed a calcium 
content in the dry bones of only 12-5 °%, a figure often associated with a severe 
degree of rickets (see below Table IV (6)). They contained 16-3 % of fat and 
the proportion of calcium reckoned on the fat-free bone is 17-7%. This 
figure is still below the normal for rats of this age (21-5 °%) showing that on 
this diet defective calcification of the bones takes place to some extent. 


CHEMICAL COMPOSITION CHARACTERISTIC OF THE RACHITIC BONES OF YOUNG 

RATS MAINTAINED ON A LOW PHOSPHORUS RICKETS-PRODUCING DIET. 

In Table IV are set out the results of the chemical analyses made on the 
bones of young rats about 60 days old, which were killed after receiving 
McCollum’s 3143 low phosphorus rickets-producing diet for 4 weeks [see 
Chick and Roscoe, 1926, 2]. Section (a) contains analyses of bones of animals 
which received the diet without any supplement, section (b) those of animals 
which received daily doses of butter, providing extra vitamin A and, in case 
of butter XXVIII, an appreciable amount of anti-rachitic vitamin D also. By 
the addition of milk to the diet (section (c)) the rats received a small amount 
of phosphorus in addition to both fat-soluble vitamins. Finally, in sections (d) 
and (e) are given analyses of bones of rats receiving respectively a daily supple- 
ment of cod-liver oil and of the unsaponifiable fraction of cod-liver oil. 

Histological examination of the bones of the control animals showed an 
advanced degree of rickets to be present; in the animals receiving the addi- 
tions of milk or butter the rachitic condition was found to be mitigated in 
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varying degree while those which received cod-liver oil or its products had 
bones showing a normal structure though not a normal composition. 


Table IV. Analysis of the bones of young rats, 54 to 68 days old, after 28 days 
on McCollum’s 3143 low phosphorus rickets-producing diet. 


(a) Controls. 


Daily 

addition Age 

No. of to in 
rat diet Litter days 

454 3 —_ 289 61 
158 2 — ca 61 
462 3 ees 302 54 
165 2 _— - 54 
228 J _ 301 55 
230 9° —— a 56 


Average: 





Histology 


Severe rickets 


Severe r. and osteoporosis 


Severe rickets 





(b) Butters XXVII and XXVIII. 


XXVII 
1602 O-l1g. 289 61 
451g 0-25¢. a 61 
1592 025g. - 60 
1572 O6g. es 64 
XXVIIT 
4523 Ol1g. ~ 60 
453g 0-25 ¢. és 60 
1612 0-25¢. - 68 
1555 O6g. ag 64 
(c) Milk XXVIII. 
4672 2ece. 302 S44 
4643  3ce. + 54 
4682 3ce. F 54 
163d 5ce. 45 54. 
1662 5ce. a OL 


(d) Unsaponifiable fraction of cod-liver oil, A contained vitamin D only; B contained vitar 


A 
2265 002¢. 301 55 
224g 0-09 g. 4 DD 
225 3 0-09 ¢ és DD 
B 
2292 002g. is 55 
2275 480-05 ¢g. a 55 
2322 005g. ° 55 
(e) Cod-liver oil. 
4563 005g. 289 64 


301 55 


Average: 


2312 0-05g. 














Ca % 
oO 
Analysis of fresh bone % On fat- 
—  o## On extracted 

Organic dry dry Ratio 
H,O Fat Ash residue weight weight A/R 
61-6 3-7 10-7 24-0 10-7 11-9 0-446 
58:15 4-1 13-0 24-7 11-9 13-2 0-524 
59-45 6-0 10-9 23-7 9-9 11-7 0-459 
59-5 5-0 11-8 23-6 10-5 12-3 0-499 
61-9 3-4. 10-6 24-2 10-25 11-2 0-436 
62-45 3-3 10-6 23-7 10-2 11-4 0-446 
60°5 4-25 11:3 24-0 10-6 12:0 0-468 

53:3 5:0 17-6 24-2 14-5 16-2 

60:4 3-6 12-5 23-5 12-2 13-4 

54-0 3-6 18-2 24-2 15-2 16-5 
58-2 3-6 13-8 24-4 12-7 13-9 0-566 
57-1 3:3 14-9 13-4 14-5 0-606 
60-4 3-9 12-9 12-5 13-9 0-564 
53-0 5-6 18-2 15-0 17-0 0-789 
52-1 3:8 20-8 16-7 18-1 0-890 
60-7 1-1 13-0 22-3 12-3 13-6 0-584 
58-5 3-6 16-4 21-8 14-5 15-8 0-752 
3-9 15:3 22-6 13-6 15-0 0-679 
4:3 17-6 21-85 14:9 16-5 0-804 
3-4 18-3 21:55 15-7 17-0 0-679 





51-1 7-5 20-0 21-4 15-1 17-8 0-933 
49-9 4-5 23-1 22-5 17-1 18-8 1-030 
49-4 7-15 22-5 20-9 16-4 19-2 1-074 
51-1 1-1 22:3 22-5 16-9 18-4 0-994 
49-9 5-2 22-0 22:9 16-3 18-2 0-964 
45-4 5-2 26-4 23-0 17-9 19-8 1-151 
49-5 6-2 22-0 22-3 16-75 19-1 0-987 
50-4 4-75 22-2 23-1 16-6 18-4 0-941 
49:95 55 22:1 22:7 16-7 18:75 0-964 


Moderate-severe rickets 


Moderate rickets 
Moderate-severe rickets 


Moderate-severe rickets 
Moderate rickets 


Osteoporosis and very sl. r. 


Severe rickets 
Moderate rickets 
Moderate-slight rickets 
Slight rickets 

Very slight rickets 


nins A+D, 


Normal 
Slight osteoporosis 


Normal 


Normal 


Nearly normal 


Normal 


It is only to be expected that bones of animals which have been deprived 
of phosphorus should show abnormalities arising from this circumstance. It is, 
therefore, proper, in an attempt to determine the abnormalities in chemical 
composition characteristic of rickets, to compare the rachitic bones of such 
rats, not with those of normal control animals but with those of animals on 
the same diet when rickets was prevented by administering a powerful anti- 
rachitic agent, such as cod-liver oil. This material appears to possess the 
faculty of diverting the insufficient supply of phosphorus to the bones in 
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preference to the soft tissues; the animal does not grow normally, but the 
structure of the bones approaches the normal standard. 

If such acomparison be made it is clear that rachitic bone is characterised 
chiefly by a very high proportion of water and a very low proportion of ash. 
The mean value of the water content of the “severely rachitic” bones of the 
six control animals in Table IV (a) is as high as 60-5 % and of the ash content 
as low as 11-3 %, calculated on the fresh weight of the bones. The adminis- 
tration of foodstuffs containing the anti-rachitic vitamin is accompanied by a 
fall in the proportion of water and a large increase in the proportion of ash. 
With cod-liver oil the latter is doubled, the mean values obtained for the ash 
of the bone of animals thus treated varying from 21-9 to 23-6 9%. This value 
still remains far short, however, of that found in the bones of normally fed 
animals, viz. 34 %. 

The fat content of the bones of rats maintained on this diet, whether 
rachitic or normal as regards their structure, remained low, though slightly 
greater than was found in the bones of rats receiving a normal diet (Table IT). 
The average value for six animals showing severe rickets (Table IV (a)) 
was 4-2 % of the fresh weight of the bone, while the average value obtained 
for bones of animals receiving cod-liver oil and showing normal histology 
varied from 4-8 % to 6-4 %, the figure for normal rats being 2-4 %. 

The average amount of the “organic residue”’ present in the rachitic bones 
of animals fed upon McCollum’s diet was a little greater than was found in 
the osteoporotic bones described in the preceding section but it accounted 
for between 1/4 and 1/5 of the fresh weight. The mean value for the control 
animals was found to be 24 °% and this value was reduced slightly in the bones 
of the animals receiving cod-liver oil, where the average value varied from 
22-7 % to 216%. However, the total variation is small and the extreme 
variations in the whole series lie between 24-7 °% (control rat 458) and 20-9 % 
(rat 225, receiving cod-liver oil). 

The variation shown in the A/R ratio, on the other hand, corresponds 
with the histological picture. Roughly speaking, for the bones of rats fed on 
McCollum’s diet, values under 0-5 are indicative of severe or very severe 
rickets [see also Protocol II in the accompanying paper by Chick and Roscoe 
1926, 2], values from 0-5 to 0-7 correspond to a moderate degree of rickets, 
values from 0-8 to 0-9 correspond to slight rickets, while a value of 1-00 
corresponds to a histological picture which approaches the normal. As was 
the case with osteoporotic bones, we have found this ratio the most useful 
indication of the degree of calcification of the bones that is yielded by chemical 
analysis. 

In the bones of these rachitic animals, the fat content being low and the 
variations in this figure slight, the proportion of calcium and ash, reckoned 
on the dry weight of the bone, remains a useful indication of the degree of 
bone calcification, but in the interests of uniformity we are inclined to adopt 
here also the value of the A/R ratio, which in other instances is a more useful 


chemical criterion. 
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SUMMARY. 


1. A condition of osteoporosis found in the bones of young rats kept on 
a diet deprived of fat-soluble vitamins was characterised by (1) a proportion 
of fat (aleohol- and ether-soluble material) in excess of the normal, (2) a pro- 
portion of ash (A) less than the normal, (3) a normal proportion of organic 
material, cartilage and connective tissue, etc. (R), (4) a value of the A/R ratio 
of about 0-9 to 1-2, the normal value being about 1-5. 

2. In these osteoporotic bones the percentage of calcium, reckoned on 
the dry weight of the bones, is frequently very low (12 to 16 %%), but is found 
to approach much nearer to the normal if the calculation is made on the 
fat-extracted bone. This value, however, is always less than normal and in 
spite of an absence of signs of rickets in the histological picture, the chemical 
analysis provides evidence of some diminution of calcification. 

If the conditions are exaggerated by the use of defective diets in the 
breeding of the experimental animals, this diminished calcification may be 
associated with a histological picture recognisable as rickets. 

3. The chemical composition of rachitic bones found in young rats kept 
on McCollum’s low phosphorus rickets-producing diet was characterised by: 
(1) a content of mineral ash (A) much below the normal, (2) a water content 
much above the normal, (3) a slightly increased proportion of fat and of 
organic material (R), (4) a very low value of the A/R ratio, viz. from 0-4 to 
0-8, as compared with 1-0, the value found for the bones of rats which received 
cod liver oil in addition to the low phosphorus diet. 

4. If chemical examination is used in the diagnosis of rickets, the best 
criterion of defective calcification is given by the value of the A/R ratio or 
the ratio of the amount of ash to the amount of organic material contained 
in the fat-extracted bone. 
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LXXXIV. INFLUENCE OF DIET AND SUNLIGHT 
UPON THE AMOUNT OF VITAMIN A AND 
VITAMIN D IN THE MILK AFFORDED 
BY A COW. 


By HARRIETTE CHICK ann MARGARET HONORA ROSCOE. 
From the Department of Experimental Pathology, Lister Institute, London. 
(Rece ived May ard. 1926.) 


1. INTRODUCTION. 

THE present work forms a continuation of that carried out in this Institute 
by Luce [1924, 1, 2] who investigated the growth-promoting and anti-rachitic 
value of milk from a cow kept under varying conditions as regards diet and 
illumination. She showed that the growth-promoting power of the milk, as 
tested upon young rats, was greater when the cow received fresh green fodder 
than when taking a winter feed of cereals and roots, but was unaffected by 
the degree of exposure of the cow to sunlight. According to Luce’s experiments 
the antirachitic value of the milk was also dependent mainly on the diet of 
the cow and to a slight extent only, upon the degree of insolation. Her results 
were not, however, very conclusive upon this point. 

It seemed possible that in some of Luce’s experiments the periods of time 
allowed for one set of conditions may have been too short for the maximum 
effect to have been exerted upon the cow. In Period III, for example [Luce, 
1924, 1, p. 723], when the cow received fresh green food for two months from 
May-July, 1923, while living in a dark stall, the “growth-promoting power” 
of the milk rose continuously. The first sample (milk sample XI), taken after 
one month, had only half the value of that taken after two months, at the 
end of the period (milk sample XII). The anti-rachitic potency, on the other 
hand, showed no improvement and remained at the minimal value, equal to 
that of the previous Period II, during which the cow received a dry winter 
feed in the dark stall. Subsequently in Period IV after one month on pasture 
in the month of August 1923, the growth-promoting power of the milk had 
increased only slightly, and the anti-rachitic value very greatly, and both 
had attained their respective maximal values. It was not clear, therefore, 
whether the former might not have risen to a higher level; or even to the 
maximal value in Period III, if the grass feeding in the dark stall had been 
continued for a longer period than two months. And similarly it was left 
uncertain whether some additional anti-rachitic property might not also have 
developed if the time had been extended. 

One of our principal aims, therefore, was to study the vitamin value of 
the milk during a more prolonged period of feeding with fresh green fodder 
in a dark stall and, by comparing with the milk yielded during a subsequent 
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period upon summer pasture, to investigate more completely the effect of the 
incidence of sunlight upon the cow. 

Furthermore, the technique used by Luce for measuring the growth- 
promoting power of the milk can no longer be considered satisfactory in the 
light of the subsequent researches published by Steenbock and his co-workers. 
The conclusions arrived at may, therefore, need modification in view of the 
uncertainty as to what extent the method she used titrated vitamin A, or 
vitamin A jointly with the anti-rachitic vitamin D. 

For the titration of the growth-promoting value Luce used the method of 
Zilva and Miura [1921], determining the daily dose of milk required to restore 
normal growth (increase in body-weight to the extent of 10-12 g. per week) 
in rats which had ceased to grow upon an artificial diet devoid of fat-soluble 
vitamins. The investigations of Steenbock and Nelson [1923] made it clear 
that not only vitamin A, but also the anti-rachitic vitamin D is concerned in 
maintaining growth and that cessation of growth upon the experimental diet 
may be caused by exhaustion of the animal’s original reserve of vitamin A 
or of vitamin D or of both. Similarly, restoration of growth after addition 
of supplementary foods may be due to the presence in those foods of either 
fat-soluble vitamin or of both. 


2. METHODS EMPLOYED. 

Vitamin A. Steenbock, Nelson and Black [1924] justly maintain that when 
testing a food stuff for presence of vitamin A it is essential that the animal should 
be provided with an adequate supply of vitamin D. They suggest that this 
should be done by daily irradiation of the test animals with ultra-violet light. 
We have found that daily irradiation of 10 minutes’ duration or longer, when 
continued over long periods, has a deleterious effect upon the rats’ eyes, 
causing conjunctivitis and marked opacity in the cornea. This effect, which 
is independent of the ophthalmia which may develop as the result of vitamin A 
deficiency, reacts in time upon the animal’s general health and capacity to 
grow. It is not practicable to shield the eyes of large numbers of rats during 
daily irradiation and we have found it more convenient to provide vitamin D 
in the form of irradiated cotton-seed oil included in the basal diet. The oil 
was irradiated for 30 minutes, at a distance of 33 cm. from the burner of a 
quartz mercury vapour arc lamp, in a film approximately 0-17 cm. deep. 

The diet, known as F diet, was made fresh once a week and had the 


following composition: 


Inactivated caseinogen 100g. Lemon juice 25 g. 
Wheaten starch 250 Salt mixture! 25 
Cotton-seed oil 75 Water 300 
Marmite 25 


1 No. 185 of McCollum, Simmonds and Pitz [1917], has the following composition, in 1000 


parts: 


NaCl 43-5 CaH,(PO,).,H,O 136 
MgSO,, 7H,O 137 Ca lactate, 5H,0 327 
NaH,PO,, H,O 87 Ferric citrate, 3H,O 30 


K,HPO, 240 
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This diet has the same composition as that used by Luce, except that 
vaseinogen is substituted for the egg-white used in her diet as a source of 
protein. The dried Chinese egg-white of commerce is an extremely convenient 
form of vitamin-free protein but Boas [1924, 1, 2] has recently shown that 
prolonged feeding with this material gives rise to a pathological condition 
in young rats independently of the presence or absence of fat-soluble vitamins. 
Caseinogen, therefore, inactivated by heating at 120° for 72 hours was used 
throughout the present work. 

In the method we employed, young rats, bred under standardised condi- 
tions [see Smith and Chick, 1926], about 4-5 weeks old, and weighing 40-50 g., 
receive the above basal diet for a period of 3-4 weeks, or less if they cease to 
gain in weight. Irradiated cotton-seed oil is then included in the food in place 
of the ordinary oil. Growth is almost invariably restored for a further period 
of 3-4 weeks but eventually stops and there may be a sudden fall in weight. 
The ration of foodstuff whose content of vitamin A is to be tested must then 
be added without delay, for cessation of growth under these conditions indi- 
cates very complete exhaustion of this vitamin and the animal may suddenly 
succumb unless it is quickly provided. The daily dose of milk is given for a 
period of 3-4 weeks and the increase in weight noted. The vitamin A content 
of the different samples of milk is compared by determining the minimal dose 
necessary to restore normal growth—increase of 10 g. weekly in body-weight. 

While, on the whole, this method may be relied upon to yield concordant 
results, it has some drawbacks. Firstly, the test is very tedious and from first 
to last takes not much less than three months to carry out. In the second 
place, the animals are often in poor condition at the end of the preliminary 
period, they frequently show signs of xerophthalmia and of respiratory 
trouble which may have progressed to a chronic pneumonia. If the milk 
dose contains a sufficiency of vitamin A the eye condition will quickly improve, 
but some degree of pneumonia may persist and although the animal may show 
a fair degree of good health, the rate of growth may be depressed. Lastly, the 
addition of irradiated oil to the diet almost invariably causes temporary 
diarrhoea or looseness of stools. This may persist for a week or two, but 
ultimately passes off. It appears to be due to the laxative action of some 
compound formed in the oil by the action of ultra-violet radiation. The same 
effect is obtained when rats on diets deprived of fat-soluble vitamins are 
irradiated directly and in some cases also when cod-liver oil is administered. 

In a few instances the growth-promoting power of the same milk was 
titrated by the above method and also by the simpler method of Zilva and 
Miura. The results obtained with milk samples XXVII and XXVIII (see 
below, pp. 637-8) show clearly that by the former method vitamin A alone is 
estimated and that when there is no irradiation of rat or of diet the growth 
obtained may be due to the joint effect of both vitamins A and D supplied 
with the milk. 

Vitamin D or anti-rachitic vitamin. The anti-rachitic power of the various 
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samples of milk was tested by a method similar to that used by Luce. Young 
rats of 40-50 g. weight were fed for 4 weeks upon McCollum’s low phosphorus 
rachitic diet No. 3143, [McCollum, Simmonds, Shipley and Park, 1921: 
whole wheat, 33 %; maize, 33 %; gelatin, 15 94; wheat gluten, 15 4; sodium 
chloride, 1 %%; calcium carbonate, 3 %] the milk being given as a supplement 
to the diet in various daily doses. In some cases the tests were made with 
butter prepared from the milk, which has the advantage that an inappreciable 
amount of phosphorus is introduced with the test dose. Luce [1924, 1, p. 729] 
called attention to this source of error when using milk. It is, however, clear 
that the varying anti-rachitic effect of different milk samples (see Table V1) 
vannot be thus accounted for, and in any case doses of milk up to 5 ce. daily 
have an insignificant effect upon the actual amounts or relative proportion 
of the calcium and phosphorus given in this diet (see below, pp. 642-3). 

At the end of the experiment chemical analysis was made of the leg bones 
(femora, tibiae and fibulae) and histological examination made of the junc- 
tions of the 6th and 7th ribs on the right side. The methods used are described 
in full in the preceding paper by Chick, Korenchevsky and Roscoe [1926]. 
The degree of protection from rickets was judged by comparison with the bones 
of control animals receiving no addition to the diet and of others receiving a 
supplement of cod-liver oil. We gratefully acknowledge the help of Professor 
Korenchevsky, who kindly examined the histological specimens for diagnosis 
of rickets. 

The proportion of calcium in the bones is reckoned on the fat-free bone, 
which is necessary in view of the varying content of fatty material. This 
variation is not so great in the bones of rachitic animals fed on McCollum’s 
3143 diet as im the bones of animals showing various degrees of osteo- 
porosis [see Chick, Korenchevsky and Roscoe, 1926]. The proportion of 
calcified to uncalcified bone, or the value of the A/R ratio is probably the 
best chemical indication of rickets and gives the most trustworthy criterion 
of the degree of calcification of the bones. 

Reserves of vitamins A and D in the test animals. The degree to which the 
young rats used for experiment are endowed with stores of fat-soluble vitamins 
exercises a very marked effect upon their behaviour, when used subsequently 
for the study of these vitamins. In this Institute, after long trial [Smith and 
Chick, 1926; Chick, 1926] we have succeeded in breeding young rats which are 
fairly constant in their vitamin reserves. Moreover, as regards vitamin A, 
the extended preliminary period on deficient diet, which is a feature of the 
newer method of estimating this vitamin, produces finally an experimental 
animal with its vitamin A reserves reduced to a minimum. It is nevertheless 
a good plan, in all comparative work, to use animals from the same litter. 
This was not always practicable in the present work, for the different milk 
samples were taken from the same cow at times separated by long intervals. 
The use of butter for vitamin D tests was an obvious advantage, for it can 
be kept for several months in the frozen condition. 
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Milk samples. The cow used was the same as was employed in the previous 
investigation of Luce and has been kept throughout at the Serum Farm of 
the Lister Institute at Elstree, Herts. She has remained in good health, has 
calved once, in January, 1923, and has yielded milk continuously from July, 
1922—October, 1925. Our acknowledgments are due to Dr MacConkey and 
his staff for again kindly undertaking the care of the cow under strictly 
controlled conditions and for collecting the milk samples. 

Each milk sample represented the morning’s milk for one week. The milk 
was collected in bottles and pasteurised in a water-bath at 75° for 20 minutes, 
during which time carbon dioxide was bubbled through continuously. The 
bottles were sealed immediately, sent to Chelsea and thereafter kept in a re- 
frigerator room. In order to avoid opening and re-pasteurising, the contents 
of the various bottles comprising each milk sample were not mixed before 
making the tests but a fair average of the whole week’s yield was secured 
in the following way. The test was begun, using milk doses taken from 
one of the bottles filled on the first day of sampling; when this bottle was 
exhausted doses were taken from one of the bottles filled on the subsequent 
day, and so on. 

During the period occupied by the present work (April, 1924—October, 
1925) the milk yield has varied from 7-16 pints a day, the average being 
93 pints. The composition of the milk has remained fairly constant as regards 
content of fat and of calcium and phosphorus, the average values being 
5-4 % fat, 0-138 % Ca and 0-105 % P respectively (see Table I). 


Table I. Details of the samples of milk used in the experiments. 





Inci- 
dence of 
sunshine. Analysis of milk 
Av. No. % (averages) 
Sample Duration of of hours ——~ ~ 
Period No. Cow Diet period Days daily Fat Ca Pp Remarks 
1 XXII In ploughed Dry fodder; daily Apr. 17- 111 6:3 5:3 0-138 0-119 Butter made 
(=Period V. (=Sample enclosure feed :— Aug. 6, 1924 in July,1924 
Luce, XVII. Luce, White maize meal, Fi 
1924, 2) 1924, 2) 3? lbs. 
Gluten meal, 3 lbs. 
Oats and_ barley 
(crushed), 3 lbs. 
Mangolds, 50 lbs. 
Oat straw, ad lib. 
2 XXIII In green field Fresh grass and Aug. 7- 86 3-9 5:5 0-142 0-097 tn 
clover, ad lib. Noy. 1, 1924 
S XXIV In dark stall Dry fodder (as for Nov. 2,1924— 172 — 5-6 0-138 0-106 — 
XXII) Apr. 23, 1925 
4 XXV In dark stall Fresh grass and Apr. 29- 54 ad 50 — — — 
clover June 22, 1925 
XXVII os os Apr. 29- 87 ~- 53 0-131 0-099 Butter made 
July 25, 1925 and tested 


XXVIII In green field Fresh grass and Aug. 1- 8 4-] 5:7 0-142 0-103 
clover, ad lib. Oct. 18, 1925 


Mean 5-4 0-188 0-105 
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When butter was required for investigation, the cream was separated from 
the entire milk yield for one week. A “starter” was added and the cream sent 
to the Dairy Institute of the Reading University, where the butter was made. 
We desire to thank Captain Golding and Miss Dorothy Dearden in this place 
for their kind co-operation in this matter. The butter was stored in the frozen 
condition at — 8° to — 10° until the tests were made. 

We have studied a complete cycle of changes very similar td those studied 


by Luce and details of these are set out in Table I. The milk samples for 


analysis were taken at the end of the respective periods. Most attention was 


given to period 4, in which the cow received fresh green grass and clover in 


the dark stall, and to period 5, the subsequent period on pasture. 


2 
vo. 


GROWTH-PROMOTING VALUE OF THE MILK (VITAMIN A AND VITAMIN D). 


In Tables II and III are given figures obtained for the growth-promoting 
value of milks XXIV to XXVIII, as tested by the old and the new methods 
respectively, that is to say, without and with irradiation of animals or diet. 
For purposes of reference the complete details of one titration (milk XX VIT) 
are given in Protocol I and the results of the whole series are collected in 


Table IV. 


Table I. Growth-promoting value of milks XXIV, XXVII and XXVIII. 
Test made without irradiation. 
Milk XXIV (Litters 212,166). Winter feed in dark stall 


Av. body weight 
at end of 
preliminary 


Average weekly growth increments when receiving 


milk doses. 


og, 











Dose No. of period P A 
ce animals g. Ist week 2nd week 3rd week 4th week Mean 
0 3 76 3 -1 1 —4:5 -0°5 
5 1 54 a. 7 9 2 6 
8 2 58 9-5 8 8 + 7 
12 2 89 12 12°5 9 7-5 8 
20 1 75 14 18 7 9 12 
‘ Milk XXVII (Litters 218, 220, 271, 272, 277). Fresh green food in dark stall 
4 "ts — : — 
0 8 60 6 3°5 5 1 4 
2 2 52 4:5 9-5 7 s 7 
3 4 52 9 7 7-5 9 8 
5 4 66 ll 11-5 12°5 1] 11-5 
8 2 47 1] 15-5 16 12 14 
12 2 51 18 15-5 15-5 14 16 
Milk XXVIII (Litters 271, 272, 277). Pasture 
co 5 : = 
0 6 61 7 3 5:5 0 ft 
1 3 60 9 6 6 5 6-5 
2 3 59 9 11 9 6 9 
3 3 57 10 13 11 9 11 
5 3 51 15 14 13 ll 13 
le We have adopted Dr Luce’s arbitrary standard for a “growth unit,” viz. 
1 an increase in body-weight of 10-12 g. per week [see Luce, 1924, 1, p. 723]. 


Column 4, Table IV, contains the doses of milk which proved insufficient and 
sufficient, respectively, to restore this degree of growth when the test was 
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Table III. Vitamin A value of milks. Excess of vitamin D provided 
by wrradiation. 


























*Milk XXIV (Litter 181). *Milk XXV (Litters 176, 181). 
Winter feed in dark stall Fresh green food in dark stall, 54 days 
Body- Body- , 
weight Average weekly growth weight Average weekly growth 
at end increments (g.) when at end increments (g.) when 
of pre- receiving milk doses of pre- receiving milk doses 
liminary =———~_, liminary =-——_*+—____, 
Dose No. of period Ist 2nd 3rd No. of period Ist 2nd 38rd 
ee. animals g. week week week Mean animals g. week week week Mean 
1 — =< oe ae ae = 2 
2 _ 7 a : 
3 — — _— — — — 2 75 9 9-5 12 10 
5 l s+ 6 9 ] 5 3 89 13 16 13 14 
8 ] 69 14 15 -] 9 3 72 11 14 12 12 
12 1 78 12 9 11 1] + 83 14 18 12 15 
20 1 87 17 11 11 13 - 
Milk X XVII (Litters *212, 218, 220, +313, 318). {Milk XXVIII (Litters 313, 318). 
Fresh green food in dark stall, 87 days Pasture 
” pie ’ ; > tom A x ™ 
1 4 98 4 6-5 4 5 1 90 Ll 2 8 7 
2 5 91 9 14 8 10 2 118 12 13 10 12 
3 5 86 10 ll 10 10 3 88 11 12 9 1] 
5 5 81 13 16 10 13 l 91 14 9 10 11 
8 1 59 15 16 8 13 — — - = — — 
* Animals irradiated directly. + Fat in diet irradiated. 
Table IV. Growth-promoting value of milk samples XXIV to XXVIII. 
Dose in cc. required to 
restore growth to 
the extent of 10 ¢g. 
increase per week 
———— fF 
Method I. Method IT. 
Without With Growth Vitamin A 
irradiation irradiation units per units per 
—— a“ 100 ce. 100 ec. 
Period Milk Treatment of cow - + - + (Method I) (Method IT) 
3 XXIV Winter feed. Dark stall 12 20 8 12 5-8 8-12 
(172 days) 
4 XXV Fresh green grass. Dark stall — — — 3 — 33 
(54 days) 
4 XXVII Fresh green grass. Dark stall 3 5 l 2 20-33 50-100 
(87 days) 
5 XXVIII Pasture (78 days) 2 3 1 2 33-59 50-100 


made by the old method without irradiation (Method 1) and the figures 
obtained show good agreement with those published by Luce for similar 
samples of milk. In column 5 are given the doses of the same milks required 
when Method II was employed, and excess of vitamin D was provided by 
irradiation of the animal or its food. In columns 6 and 7 these results are ex- 
pressed as the number of growth units per 100 cc. The results are very 
instructive. 

Of sample XXIV, taken when the cow was on winter feed in a dark stall, 
12-20 cc. were required to provide one growth unit when using the simple 
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growth test. When the rats were irradiated, however, the requirement was 
reduced to 8-12 cc., showing that in the former test growth was being limited 
by lack of vitamin D. 

The same is true of milks XXV and XXVII, taken while the cow re- 
mained in the dark stall but after the winter feed had been replaced by fresh 
green grass. After 3 months on this diet (milk XX VII) the vitamin A value of 
the milk corresponded to 50-100 growth units per cc., but this high value was 
not accompanied by a corresponding increase in vitamin D. For when irra- 
diation was omitted, as in Method I, only 20-33 growth units were demon- 
strated, showing that growth was again limited by deficiency of vitamin D. 

In the “pasture-fed” milk XX VIII, on the other hand, while the vitamin A 
value remained equal to that of milk X XVII, there was a definite increase 
in the content of vitamin D. This is shown by the fact that the discrepancy 
between the growth-promoting value as determined by the two methods, 
viz. 33-50 and 50-100 growth units per cc. respectively, is less than in the 
case of any other sample (see also Fig. 1, sample XX VIII, doses 2 and 3 cc.). 

It is clear, therefore, that, judged by this growth method, the incidence 
of sunlight upon the cow is needed in order to produce an appreciable amount 
of anti-rachitic vitamin D in the milk. These results are confirmed by the 
results of the second series of tests (see below, p. 642), in which the vitamin D 
value was determined more directly by observing the effect on histology and 
calcification of bone, when the test animals received McCollum’s low phos- 
phorus, rachitic diet. 

The vitamin A content of the milk, on the other hand, as Luce concluded, 
depends entirely on the cow’s diet. In periods 3 and 4, during which the cow 
remained in the dark stall, 54 days after changing the food from cereals and 
roots to fresh green grass and clover the vitamin A value of the milk (milk 
XXV) had increased about threefold, and a month later about five- to tenfold 
(milk XXVII). This was the maximum value for vitamin A attained. In 
period 5, when the cow was moved from the dark stall to the pasture field, 
without alteration in diet, no further increase in the vitamin A value of the 


milk occurred. 


In Table V are collected some analyses of the bones of rats which served for the simple growth 
tests of milks XXIV, XXVII and XXVIII. The bones of the control animals receiving the 
basal F diet alone showed a condition of osteoporosis on histological examination and the high 
proportion of fat characteristic of this condition [see Chick, Korenchevsky and Roscoe, 1926]. 
The addition of milk to the diet caused a marked reduction in this fat content, but the pro- 
portion of calcium in the fat-extracted bones was increased very slightly, if at all. With milk 
XXIV (winter fodder in a dark stall) as high a dose as 20 cc. daily caused no increase in the 
percentage of calcium. With doses of milk X XVII (fresh green food in a dark stall) from 3 to 
12 cc. and of milk X XVIII (pasture) from 3 to 5 ce., there was a definite small increase, depending 
on the size of the milk dose, in the percentage of calcium and in the value of the A/R ratio 
(ratio of the ash to the total organic matter of the fat-extracted bone). The differences are small 
however, and it is questionable whether, from these experiments, the conclusion is permitted 
that the process of calcification in the test animals has been influenced by the milk supplement 
to an extent that is significant. 


Bioch. xx 42 
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Table V. Analysis of the bones of rats receiving F diet (devoid of fat-soluble 
vitamins but adequate in other respects) with milk supplements. 


Milk doses given on cessation of growth according to Method 1, without irradiation. 
The figures represent average values. 


Milk XXVII (Litters 212, Milk XXVIII (Litters 271, 








Milk XXIV (Litters 212, 166) 218, 220, 271, 272, 277) 272, 277) 
Winter feed in dark stall Fresh green food in dark stall Pasture in summer 
a “ c n. fa —____—___—, 
% Ca % Ca % Ca 

Doses on fat- % fat on fat- % fat on fat- % fat 
of extr. on extr. on extr. on 
milk No.of dry Ratio wet No.of dry Ratio wet No.of dry Ratio wet 
ce. animals wt. A/R wt. animals wt. A/R wt. animals wt. A/R_ wt. 
0 1 20-7 1:26 83 8 198 121 106 6 195 119 10-4 
1 _— -= _- — —- — — — 3 19-9 1:23 85 
2 —-- — -- ~ 2 196 1:19 98 3 19-8 1:23 6:5 
3 - — _— = 4 20:7 1:28 7-2 3 20-1 1:35 81 
5 1 20-2 1:27 6:5 4 215 1:44 5-7 3 20-5 1:32 48 
8 2 21-2 1:38 7:6 2 22:3 152 4-0 — — — _ 
12 2 216 1:51 5-6 2 22-2 1:50 6-4 ~- = —- —- 
20 1 20-4 1:32 4:8 — — — — — — — — 


In Table IV ¢ of the previous paper in this Journal (p. 629) are set out the complete analyses 
of the bones of the whole series of animals used for the tests of milk XXVIII (pasture). The 
bones of the control rats, on basal F diet alone, show only a small departure from the normal 
in their composition and very little difference is to be seen when these figures are compared with 
those corresponding to rats which had received daily doses of this milk. There is a definite small 
increase in the A/R ratio and a very small change in the calcium content of the fat-extracted 
bones when the daily dose of the milk was equal to 5 cc. By other tests milk XX VIII was shown 
to possess definite anti-rachitic properties (see pp. 641-3). The conclusion, therefore, is in- 
evitable that anti-rachitic qualities in supplementary foodstuffs are not demonstrated by changes 
in bone-composition if the test animals are fed upon a basai diet deprived only of fat-soluble 
vitamins. 


4. ANTI-RACHITIC (VITAMIN D) VALUE OF THE MILK. 

Milk samples XXII, XXIV, XXV, XXVIII, were tested for anti-rachitic 
potency by the more direct method, viz. observing the effect when fed as 
supplement to test animals upon a low phosphorus rickets-producing diet. 
The results are summarised in Table VI, while the complete details regarding 
the test made with milk XXVIII will be found in Table IV of the preceding 
paper by Chick, Korenchevsky and Roscoe [1926]. 

The effect of the doses of the different milks was observed (1) on the pro- 
portion of calcium in the fat-extracted bones of the test rats and (2) on the 
development of histological rickets. In both cases the results led to the same 
conclusions. Milks XXIV and XXV were about equal in anti-rachitic value 
as judged by either criterion, a dose of 12—20 cc. daily being required to correct 
the rickets-producing tendency of the diet. Substitution of fresh green grass 
for the dry feed had little effect on the anti-rachitic value of the milk as long 
as the cow remained in a dark stall. With “pasture-fed” milk XXVIII, on the 
other hand, a dose of 5 cc. reduced the severe rickets shown by the control 
animals to a condition diagnosed as “very slight,” so that milk XXVIII may 
be considered to have an anti-rachitic value equal to 2-3 times that possessed 
by milks XXIV and XXV. Sample XXII, taken when the cow received dry 
winter food but was kept in the open, appeared to be definitely superior to 

42-3 
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samples XXIV and XXV, though here the comparison is difficult because 
the young rats used for testing milk XXII were evidently better endowed 
with vitamin D reserves than those used for the other milk samples. The 
average calcium content in the bones of the control rats at the end of the test 
was 14-6 %, reckoned on the fat-extracted bones; in case of the control rats 
used in the tests of milks XXIV, XXV and XXVIII, this figure varied from 
11-8 % to 12-1 % (Table VI). 


Table VI. Anti-rachitic value of milk samples. 


Examination of the bones of young rats after 28 days on McCollum’s rickets-producing 
diet No. 3143. Rats placed on experimental diet at 40-50 g. weight. 











Milk XXII (Litter 155) Milk XXIV (Litter 233) 
Cow on winter feed: in the open in summer Winter feed in dark stall 
7 ee ee iti eeeee aN ——— 
% Ca % Ca 
on fat- on fat- 
extracted %, in- extracted % in- 
Dose No. of dry crease No. of dry crease 
ce. animals weight in Ca Histology animals weight inCa Histology 
0 2 14-6 — Severe R. and ] 11-8 — Severe R. 
osteoporosis 
5 2 17°5 19 Slight R. and -— + — _— 
osteoporosis 
8 —_— — - _- 1 16-15 36 Moderate R. 
10 2 18-6 27 Nearly normal, — — —, — 
sl. osteoporosis 
12 — — — — 2 17-05 44 Slight R. 
20 = 1 22-0 86 Nearly normal 
Milk XXV (Litters 231, 232, 233) Milk XXVIII (Litter 302) 
Fresh green food in dark stall Pasture in summer 
eS eee i oe emgage — 
0 5 12:1 — Severe R. 2 12-0 — Severe R. 
2 — —- — 1 13-6 13. Severe R. 
3 1 11-4 — Severe R. 2 15-4 28 Moderate-sl. R. 
5 3 15:3 26 ~=Sl.-moderate R. 2 16-75 39 ~=-Very slight R. 
= 4 16-2 33 Sl.-moderate R. _— — — — 
( ‘oi as mes See = . <— cS 
12 4 17-4 44 Slight R, — -- -— — 
nearly normal 
20 l 18-3 51 = Nearly normal - — — — 


It was pointed out above that, when employing rachitic diets deficient in 
phosphorus for testing the anti-rachitic value of milk samples, a complication 
is introduced by the administration of the phosphorus contained in the daily 
dose of milk. With doses under 5 cc. this effect would be insignificant, but in 
case of milks XXIV and XXV, where doses as large as 12-20 cc. were given 
daily, it is probable that the anti-rachitic effect observed is partly due to the 
inclusion of this extra phosphorus in the diet and that the anti-rachitic value 
of these milks is over-estimated. 

McCollum’s 3143 diet contains 0-19 °% P and 0-76 % Ca reckoned on the 
fresh weight of the diet. It is not unusual for a young rat of good appetite 
to consume 15 g.—20 g. daily; if in addition 20 cc. milk were administered the 
total consumption of phosphorus would be nearly doubled. The disproportion 
between calcium and phosphorus in this diet, viz. 4 Ca: 1 P, an important 
factor in preventing normal bone calcification, is also altered (see Table VII). 
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Table VII. Amount of Ca and P ingested daily by rats on McCollum’s 3143 
rickets-producing diet, without and with swpplementary doses of milk. 


Ca P Total Ca Total P Latio 

Food g. g. g. g. Ca/P 

15 g. McCollum’s diet 0-114 0-028 0-114 0-028 a. 3} 
+ 5ce. milk in addition 0-007 0-005 0-121 0-033 37:1 
+20 ce. af 0-028 0-021 0-142 0-049 29:1 


In order to obviate this source of error a further comparison was made 
between the butters made from milk samples XX VII and XXVIII, taken in 
periods 4 and 5 respectively. This was administered in varying doses to rats 
on McCollum’s diet in place of milk. The results of one comparative experi- 
ment, using the same litter of rats for both samples of butter, is summarised 
in Table VIII and set out in full in Table IV of the previous paper (this 
Journal, p. 629). The results of a second experiment are given in full in 
Protocol IT. 


Table VIII. Anti-rachitic value of butter made from milk samples XX VII 
and XXVIII respectively. 
Examination of the bones of young rats (Litter 289) after 28 days on McCollum’s No. 3143 
rachitic diet. Rats placed on experimental diet at 40-50 g. wt. 
% Ca in 
No. of _ fat-extracted % increase 


Dose, daily g. animals bones in Ca Histology 
0-0 2 12-55 -- Severe R. 

Butter XXVIT 

(Cow 87 days on green fodder in dark) 

0-1 ] 16-19 30 Moderate-severe R. 
0-25 2 14-95 19 Moderate R. 
0-6 l 13-90 Ll Moderate-severe R. 

Butter XX VIIT 

(Cow 78 days at pasture) 
0-1 1 14-51 16 Moderate-severe R. 
0-25 2 15-44 23 Moderate R. 
0-6 1 18-11 49 Osteoporosis. Very 
slight R. 
Cod-liver oil, 3 drops (0-054 g.) 1 19-11 53 Practically normal 


Butter XXVIII, made from the pasture-fed milk collected in period 5, is 
definitely superior in anti-rachitic value to butter XXVII, made from the 
milk of period 4, when the cow received fresh green food in the dark stall. 
If we compare the daily doses of the respective butters, required to prevent 
the development of histological rickets to about the same degree, we find 
0-25 g. of butter XXVIII equivalent to about 0-6 g. of butter XXVIT in 
one experiment (Table VIII) and 0-3 to 0-5 g. of butter XXVIII equivalent 
to about 0-5 to 0-8 g. of butter XXVII in the second (Protocol II). 

The removal of the cow into the open without change of diet caused 
roughly a twofold increase in the anti-rachitic value of the butter made from 
the milk. In the experiment in which the milks were directly compared, the 
increase was two- to threefold (see Table VI). 

A similar result emerges from a comparison of milks XXII and XXIV. 
During the periods 1 and 3, when these samples of milk were taken, the diet 
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of cereals and roots remained unaltered. But milk XXII, taken in period 1, 
when the cow was kept in the open in summer, has a definitely higher anti- 
rachitic value than milk XXIV, taken at the end of period 3, when the cow 
had been for several months in the dark stall. 

Taken together the above results suggest that the insolation of the cow is 
the factor determining the anti-rachitic properties of the milk and that diet, 
whether fresh green grass and clover or the winter feed of cereals and roots, 
is immaterial. The same conclusion is drawn above (p. 641) when discussing 
the anti-rachitic value of milk samples XXIV and XXV. 

A comparison of milk sample XXVIII with sample XXII, however, shows 
that this is not the whole truth, and that the fresh green food taken by the 
cow during the pasture period 5 has some contributory effect in raising the 
anti-rachitic power of the milk to the maximum value attained during this 
period. Both these samples of milk were taken when the cow was exposed to 
sunshine out of doors, but sample XXVIII, taken when the animal was on 
pasture, is definitely superior to either sample X XII or sample X VII of Luce’s 
experiments [see Luce, 1924, 2, Table III). The latter were both taken in 
period 1 when the cow was kept out of doors but received a winter feed. 
The average daily incidence of sunshine during period 1 was 6-5 hours and 
during period 5 was only 4-1 hours. The fact that the anti-rachitic value was 
greater during period 5 can, therefore, only be attributed to the fresh green 
food which formed the cow’s diet. 

Fresh green leaves grown in summer under conditions of maximum natural 
illumination have been shown to possess a small but definite content of 
vitamin D [Chick and Roscoe, 1926; Boas, 1926] and the vitamin D content 
of fresh grass appears to be too small to exert any significant influence upon 
the anti-rachitic value of the milk, as long as the cow is deprived of sunshine. 
But when the cow is out at pasture the fresh green food together with the 
exposure to sunlight apparently combine to raise the vitamin D content of 
the milk to a higher level than can be effected by direct sunshine alone. 


An interesting confirmation of the results obtained in this section was 
yielded by a re-examination of the material collected by Luce. In the course 
of her work she made a careful study of the milk produced when the cow was 
receiving a winter feed of cereals and roots, but was kept out of doors in a 
ploughed enclosure. This occurred in Period V of her cycle, a period which 
lasted, with one break, from October, 1923, to July, 1924, and overlapped with 
period 1 of the present research (see Table I). Milk sample XVII was taken 
in July, 1924, after the cow had been out of doors for nearly three months, 
during which time the daily incidence of sunshine had averaged 6-3 hours. 
The anti-rachitic potency of this milk was, however, found inferior to that of 
sample XIV, which was taken in October, 1923, after the cow had been on 
pasture for nearly three months and exposed to an average of 7-1 hours sun- 
shine daily, an amount not very different from that occurring at the end of 
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Period V. In order to prevent development of rickets in rats receiving 
McCollum’s No. 3143 rachitic diet, 8-10 cc. of milk XVII were required [Luce, 
1924, 2, Table III), and 5 ce. of milk XIV [Luce, 1924, 1, Table IIT). Luce, 
therefore, attributed the extra anti-rachitic value of the milk XIV to the 
fresh green food taken by the cow during the pasture period, a conclusion 
confirmed by us after comparison of our milk sample XXVIII with sample 
XXII (p. 644). It seems possible, however, that the anti-rachitic potency of 
sample XVII may have been somewhat under-estimated. If the increased 
calcification of the bones of the test rats be taken as the criterion of the 
anti-rachitic value of the milk doses rather than the prevention of structural 
deformity, Luce’s tables show that sample XVII compares very favourably 
with sample XIV. In the tests of sample XVII the control rats, which 
received the rachitic diet alone, had 10-9 °% calcium in their bones (reckoned 
on the dry weight), while those receiving in addition a daily dose of 5 cc. of 
milk XVII had this amount raised to 14-1 9%. In the tests of milk XIV, the 
control rats had bones which were better calcified, the calcium content being 
equal to 13-4 % Ca (reckoned on the dry weight). Nevertheless, the animals 
which received 5 cc. daily of this milk sample showed an average of only 
16-7 %, 7.e. no greater proportional improvement than was manifested by the 
rats which had an equal dose of milk XVII. 

Samples of butter were made from milks XVII and XIV at the time 
of collection. They were not investigated by Dr Luce, but were kindly placed 
by her at our disposal and tested in March, 1926. It was hoped that some 
additional evidence might be obtained by testing the relative anti-rachitic 
potency of these two samples of butter, even after so long a time of storage. 
The results obtained are summarised in Table IX, and show that butter X VII 
was in no way inferior to butter XIV, and, if anything, appears to possess a 
somewhat greater anti-rachitic value. This is so whether comparison is made 
between the degree of histological rickets or the degree of bone calcification 
displayed by the animals receiving equal daily doses of the two samples. 
It must be remembered, however, that when the tests were made butter XIV 
had been stored in the frozen state for 29 months and butter XVII for only 
20 months, that is for 9 months less. Both samples appear to be of less anti- 
rachitic potency than the “pasture fed” butter sample XVIII (see Table VIII 
and Protocol II), which was tested after being kept for less than 6 months. 
It was to be expected, however, that some diminution in vitamin content 
should have taken place in samples XIV and XVII after their long period of 
storage and that this should have been greater in the case of XIV. 

These results, taken in conjunction with those obtained by Luce with the 
respective samples of milk from which the butters were prepared, confirm the 
conclusion drawn from our own experiments and may be summarised as follows. 
The milk taken from a cow receiving a winter feed of cereals and roots, while 
exposed to a maximum degree of natural sunshine, was found to possess an 
anti-rachitic value only slightly, if at all, inferior to that of the milk produced 
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when the cow was on pasture under similar conditions of illumination, thus 
indicating that the degree of insolation of the cow is the important factor in 
determining the anti-rachitic potency of the milk. 






Table IX. Anti-rachitic value of butter made from milk samples XIV and 
XVITI* | Luce, 1924, 1, p. 730, and 2, p. 1286 respectively]. 
> 4,7 >] 7 é 
Milk XIV was taken after the cow had been at pasture for 3 months (Aug. 1—Oct. 22, 1923). 
Milk XVII was taken after the cow had been exposed to sunshine for 2} months (April 17—July 2, 
1924) but receiving a winter feed of cereals and roots. 
The butter was preserved in the frozen condition until March, 1926. 
Examination of bones (Litter 386 of young rats), after 28 days on McCollum’s No. 3143 rachitic 
diet, rats placed on experimental diet at 40-50 g. weight. 











% Ca in bones 





( 


——_———, 





(ii) on fat- % increase 












No. of (i) ondry extracted in Ca A/R 
Dose, daily g. animals weight weight content (ii) ratio Histology 
0-0 2 8-3 8-7 _— 0-308 Very severe R. 
Butter XIV 
0-3 1 8-9 9-3 7 0-336 Very severe R. 
0-5 2 10-7 11-4 31 0-446 Very severe—severe R. 
0-8 1 11-5 13-35 53-5 0-564 Moderate R. 
Butter XVII 
0-5 2 11-7 12-8 47 0-527 Moderate R. 
0-8 2 12-1 13-8 58-5 0-597 Moderate-slight R. 






* Sample taken during Period I, 5 weeks earlier than sample XXII. 







DISCUSSION. 





From the results of her experiments Luce [1924, 1 and 2] concluded that 
the cow’s diet was the main factor determining the growth-promoting value 
of the milk and that the degree of insolation enjoyed by the cow played a 
minor part in determining the increased anti-rachitic potency of the milk 
when the animal was pasture fed. Since the discoveries of Steenbock and his 
co-workers it has been possible to discriminate between the influence of 
vitamin A and vitamin D upon growth and in the present work more trust- 
worthy methods have been employed than were previously available. 

The results indicate that the vitamin A value of the milk is entirely de- 
pendent upon the diet of the cow, and further that under certain circumstances, 
the diet, if of fresh green grass, may exert some small influence upon the 
vitamin D value of the milk. However, with regard to the latter, the degree 
of exposure of the cow to sunshine is the important determining factor. 

There is no necessity to stress the need for nursing mothers to lead an open 
air life as far as possible or the desirability of exposing milch cows to direct 
sunlight out of doors if the milk is destined for the nutrition of infants and 
young children. In many European cities it is the custom to keep the cows, 
from which the town milk supply is obtained, confined in stalls situated in 
or near the city. The diet of these cows may vary at different times of the 
year and during spring and summer may include a proportion of fresh cut 
grass with beneficial effect upon the vitamin A content and growth-promoting 
value of the milk [see Reyher, 1924]. But the cows themselves remain indoors 
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and are never exposed to the direct rays of the sun. The anti-rachitic value 
of the milk may, therefore, be assumed to remain at a very low level. 

In the course of the investigations on rickets carried out in the spring of 
1923, at the University Kinderklinik in Vienna [Chick, Dalyell, Hume and 
others, 1923, pp. 73, 148] a practical test was made of the anti-rachitic value 
of milk derived from a cow living in a poorly lighted stall and fed exclusively 
on fresh green food—cabbage, fresh cut meadow grass and mixed graminaceous 
and leguminous green stuff. The milk was reserved for certain infants admitted 
to the Klinik with a diagnosis of active rickets. At the end of 1-2 months in 
which this milk alone was consumed, no healing of the rachitic lesions could 
be demonstrated in X-ray photographs of the epiphyses. When, however, 
specific measures of treatment were employed, such as administration of 
cod-liver oil or exposure of the infant to direct sunlight out of doors, healing 
rapidly occurred. 

As far as we are aware, no trial has been made of the clinical value of 
“pasture-fed” milk in the healing of rickets. In most districts of Europe 
such milk is only available in summer, at a season of the year when cases of 
active rickets are rarely to be found. 


SUMMARY AND CONCLUSIONS. 


1. Experiments have been made, in continuation of those of Luce, in which 


a cow has been kept under varied conditions of diet and light and the milk 
obtained tested for its content of (growth-promoting, anti-xerophthalmic) 
vitamin A and of (growth-promoting, anti-rachitic) vitamin D. 

2. The vitamin A content of the milk was found to be dependent on the 
diet of the cow, being at a maximum when the cow was fed upon fresh green 
food and least when the cow received a winter feed of cereals and roots. 

3. The degree of exposure of the cow to sunlight had no influence upon 
the vitamin A value of the milk. When the cow received fresh green fodder 
in a dark stall the vitamin A content of the milk reached its maximum and no 
further increase was noted when the cow subsequently went out to pasture. 

4. The anti-rachitic value of the milk (vitamin D content), on the other 
hand, was found to depend principally upon the degree of insolation of the 
cow. This result was obtained from experiments in which the rickets-pre- 
venting power of the milk (1) was estimated from the growth-promoting power 
of the milk and (2) was measured by its capacity to prevent rickets in rats 
receiving a low phosphorus rickets-producing diet. 

5. At the same time there was some indication that the diet of the cow, 
if consisting of fresh green food, was a contributory factor. Our experiments 
confirmed those of Luce in showing that “pasture-fed” milk possessed the 
maximum anti-rachitic value while that yielded by the cow when receiving 
a diet of cereals and roots appeared on the whole inferior in this respect, in 
spite of exposure to maximum illumination out of doors in summer. 
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6. The milk contained the maximum amount of both fat-soluble vitamins, 
A and D, when the cow was out at pasture in summer. 






7. Attention is called to the disadvantage of confining milch cows in 
stalls, when the milk is required for the nutrition of infants and young children. 






8. Butter made from milk possessing anti-rachitic potency was found to 
preserve this property after storage in the frozen condition for more than 







two years. 






Protocol I. Vitamin A content of milk XXVII (cow three months on 
fresh green food in a dark stall). 






Restoration of growth in young rats whose growth had ceased upon a diet devoid of fat-soluble 
vitamins. Vitamin D supplied during the milk test and during the latter part of the pre- 
experimental period by direct irradiation (Litters 212, 218, 220) or by inclusion of irradiated 
cotton-seed oil in the diet (Litters 313, 318). 


















Time Weekly increments of 
of pre- “growth when receiving 
liminary milk doses Average 
Milk Initial period on Weight g. weekly 
dose weight deficient of rat ao — incre- 
Rat ce. of rat diet at end Ist 2nd 3rd ment 
No. Litter daily g. days g. week week week g. 
389 218 1 42 56 86 6 7 ; 0 4 
389 212 > 34 52 72 0 11 4 5 
397 220 on 41 53 90 8 6 0 5 
477 318 re 43 70 143 3 2 11 5 
Average: 40 58 98 4 6-5 4 5 









380 218 2 43 46 78 15 17 12 15 
383 * » 34 o4 72 10 11 6 9 
394 212 99 36 48 83 5 9 4 6 
472 313 a 40 59 115 9 20 13 14 
484 318 ° 47 55 107 5 12 5 7 












Average: 40 52 91 9 14 8 10 









‘ 38 43 63 13 18 17 16 
386 212 ” 42 49 15 8 12 7 9 
401 220 a 41 53 72 6 8 4 6 
473 313 cs 43 54 99 ll 10 12 11 
479 318 3 44 60 116 12 14 12 13 





- 
oI 
— 
| 
i 


485 > - 








— 
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Average: 


8 
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Protocol II. Anti-rachitic value (vitamin D content) of butter made from milk 
samples XX VII and XXVIII. 


Examination of the bones of young rats after 28 days on McCollum’s No. 3143 
low P rickets-producing diet. 


Nc . 
of 
rat 


492 3 


495 S 
500 S 


493 ¢ 


498 2 


491 3 
501 2 


489 3 
502 
494 2 
499 2 


488 3 
497 3 


490 ¢ 
503 9 


Litter 
360 


354 


Wet weight, % 
oo poesia hamiasaen 
Dose 


Ash 
9-0 


Fat 


2-7 


H,O 
64-0 


og 
g. 


0 


9-8 


2 9-6 
2-0 


8-9 


0 62-2 


0 64-8 


3utter XX VIT (87 days on fresh 


0:3 62-4 1-9 12-1 


61-9 2-9 10-8 


62-7 
59-2 


59-3 


58-3 


Butter XXVIII (cow 
62-3 2°8 11-55 
61-9 2-4 12-35 


31 
8-0 


re 


Ca % 

On 

dry tracted 

weight weight 
9-2 10-0 


Ore. 
res. 

24:3 
9-6 
9-4 


10-4 
10-0 


25-4 
24-2 


10-13 


green fodder in dark), 


23-6 11-9 12-6 
11-4 
12:0 


11-2 
13-8 


12-5 


24-4 10-5 


13: 
15: 
14-3 
78 days at pasture). 
23-4 11-3 12-2 
23°3 12-0 12-8 
12-5 
16-3 


14-9 


15-6 
13-5 


99.9 


On ex- 


22-6 


16-4 


A/R 
“36 
38 
7 


> 
> 
-2 
o 


37 


51 


44 
47 
44 


52 


"ol 


“69 


63 


49 
-53 
‘51 
-79 
67 
‘73 
-59 
-80 


Histology of 
rib-junctions 
Very severe R. 
and osteoporosis 

Very severe R. 


Very severe R. 
and osteoporosis 


Severe R. 
Severe R. 
osteoporosis 


and 


Moderate R. 


2° 


Severe R. 
Moderate R. 


Nearly normal 
Moderate R. 


Slight R. 


” 


14-95 -695 
Cod-liver oil. 
496 3 3drops 53-6 19-9 22-35 15-9 17°5 -89 Normal 


(0-054 g.) 
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